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By Robert W. G r a h a m  and Eleanor L. Costiluw 

SUMMARY 

The extent of the useful operating  range of the  multistage axial- 
flow compressor- i s  greatly  influenced by its stalling’characteristics. 
Over the  entire  range of possible compressor speeds  there is a minimum 
flow point  for each  speed where the compressor xlll either  surge or  stall, 
depending upon the geometry of the  compressor receiver. E surge  does 
not  occur,  the  efficiency wXl1 be so poor i n  the stalled condition that 
the compressor w i l l  limit the useful operation of a turboJet  engine. 
These surge or stall points  define  the familtar surge or stall-limit 
l ine .  In addition t o  t h i s  stall line, stall  of the  f ront  and rear stages 

vibrations may OCCUT f o r  either of these  conditions as a result of s t a l l .  

$ 
PLr occurs at part-speed and overspeed  operation,  respectively.  Serious  blade 
I 

Compressor stall m y  be manifested as rotating stall, individual 
s ta l l  of each blade, or s t d l  f l u t t e r .  From experimental  evldence,  the 
f h s t  of these seems the most prevalent. 

Several  theories of rotating s ta l l  in single-stage  campressors ap- 
pear in the literature, none of which can be used to  predict  propagation 
rates  with-any  appreciable  degree of r e l i ab i l i t y .  However, these theories 
are useful in  evaluating  the  significance of parameters  pertinent t o  the 
stall-propagation mechanism and thus i n  planning  experimental  research 
programs. The p r d i c t i o n  of rotat ing-staU data. for  multistage compres- 
8ors is even more complicated,  because  of interaction  effects among the  
stages. . . . 

Historically, it is interesting that one of the  earliest references 
to   ro ta t ing  stall appeared i n  1945 in 8 British  report  on the  performance 
of a centrifugal compressor (ref. 1). In 1950 811 NACA publication 
(ref. 2 )  reported  the  occurrence of an asymmetric flow pat tern  in   an im- 
pulse  axial-flow compressor. In both of these  early  investigations, flow 

0 
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patterns were detected by means of wool tufts. This  ssymaetric  flow 
phenomenon was labeled as a.prqpa@;ating s t a l l  in  reference 3 (1951), which 
presented  the  stalling  characteristics of an  @,@l-flm.compressor. The d 

rotating-stall   patterns found in that investigation  were-detected with 
high-frequency-response  hot-trire anemometers. During the past three 
years, much research  efforthaB been  devoted t o  the s t u d y  of rotating 
stall i n  both single- and multistage compressors. 

.. - 

Off -Design Operation 

With the use of aerodynamic theory, the design-point  performance of 
a multistage compressor  can be predicted with reasonable  accuracy. How- 
ever, as is pointed  out i n  chapter X (ref .. 4 ) ,  current  deaigp  techniques 
c&nnot  be  used t o  pre-dict compressor operakion that deviates markedly from 
design.  Since  the compressor of a turbojet  .engine must aperate a t  par t  
design  speed during accelerat3on of the engine and a l s o  at high f l i g h t  
Mach numbers, analytical methoda for accurately  predicting  part-speed 
operation are desired-by compressor designers. Ln addttion, designers 
are concerned with blade  vibrations  that  occur during operation i n  stall. 

The internal aerodynamics of the compressor must be thoroughly under- 
stood at off-design  conditio-  before  design  techniques  applicable t o  thia  ~ 

region  of  -operation  can be developed. During corqpressor off-design  opera- 
tion,  degeneration of the performance of a stage is accompanied by a se- 
rious f low separatTon in  the blade passages. This unfavorable  operating 
condition is termed stall.  Two significant meas of off-design  performance I 

are   labeled  in  figure 1, -which is a representative  multistage compressor 
map: (1) inlet-stage stall asd (2 1 the stall-limit or  surge  line. Tbese . 
conditions result from s t a l l  of some of the compressor blade elements. 
The occurrence of separated f l o w  a t  each of these  regions can  be  explained 
without an elaborate  analysis. 

. .  

Inlet-stage stall.  - A t  low speeds,  insufficient  pressure  rise in the 
stages causes the density  level of the fluid t o  be too  low in   the  rear 
etages. The resulting hfgh r e l a t i v e  veloctt ies and incidence  angles  came 
choking in  the  rear  stages.  This choking lfmits the flow through the 
front  stages and causes  excessively  high  angles of attack or stall. 

Stall- l imit  or surge  line. - The atall- l imit   l ine  represents the 
locus of-mfnimum-f low points just before  the  performance of the compres- 
sor  dleterim&teS  abruptly. This deterioration  in performance, which is 
attr ibuted  to  the  operation of one or mre of the stages In severe stall, 
i s  sometimes ca l led   "caple te  compressor stall." In chapter XIII, the 
stages inst igat ing the  stall limit are analyzed and the significance of 
the  shape of the stall-limit l l n e  and i ts  re la t ive  position on the com- 
pressor map is discussed. The stall-limit line is  often referred t o  as 
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the  surge  line,  since  surge may occur, depending on the gecanetry of the 
canpressor  receiver. An analysis of surge in   the  mult is tage compressor . i s  presented i n  chapter XII. 

19 I n  addition to the  part-speed  stalling  conditions  dfscussed  earlier, 
the possibil i ty-of  rear-stage stall at  near-design and overspeed opera- 

speed stall is lacking,  but  such a stall ing  condition seems possible. A t  
these  conditions,  continuity  requirements  in the  rear  stages  cause some of 
the blade elements to operate at stalled  angles of attack. Chapter X ? l I  
concludes that stall of the  'rear etages determines  the stall-limit l i n e  at 
high  part-speed and overmeed  operation. 

h t i on  of the compressor miii"7be admitted. ExperFmental evidence f o r  over- 

S t a l l  Phenomena 

Experimental  data and analyses  give  credibility t o  the existence of 

E3 
I being aerodynamic phenomena, and .the last an aeroelast.ic phenomenon: 

at leas t   th ree  distinct phenomena during s ta l l  operation, the f i r s t  two 

r 
(1) Rotating or propagating stall, which consists of large s t a l l  

zones covering  several  blade  passages and propagating at some f ract ion 
of rotor speed i n  the absolute  direction of rotor  rotation. These &dl 
zones  can  produce resonant  blade  vibrations. The number of s t a l l  zone6 
and the  propagation  rate vary considerably. Compressor investigation has - shown rotating stall t o  be the most prevalent  type of stall phenomenon. 

L 

(2)  hdividual  blade stall, wbich is characterized by the development 
of large  sepsrated-flow  regions  or zones of low flow i n  the wake of each 
blade. 

(3) S t a l l  f l u t t e r ,  which is a  seE-excited  blade  oscil lation tht 
must be distinguished from the more familiar c lass ica l  f l u t t e r .  The l a t -  
ter, which i s  a self-sustained  oscil lation caused by the coupling of the 
iner t ia ,  danping, e las t ic ,  and aeroayaamic forces on a wing section, 
takes  place  at  law angles of attack  (unstalled flow) when a cer ta in  criti- 
c a l  velocity tha t  is a function of the w i n g  design is reached. In con- 
trast, stall  f lut ter   takes   place at high angles of attack and is associat- 
ed with  individual  blade stall. 

The present  report  sumazizes the pertinent  experimental and theo- 
r e t i c a l  work that has been done on these  three stall phenomena. The 
assumptions and analy t ica l  techaiques are emphasized i n  present- the 
theories. Wherever possible,  theoretical results are campared w5th ex- 
perimental data. The discussion  includes  experimental  data on blade 
vibration  incurred during rotating stall. 

. 

c 
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The following symbols are u s e i r n  this chapter: - 
N rotat ional  speed, r p m  

U rotor  speed,  ft/sec 

B air angle, angle between air velocity and axial direction, deg 

8 r a t i o  of t o t a l  temperature t o  NMA standard sea-level tempera- 
ture of 518.70 R 

P density, l b  -sec2/ft4 

& V / s  amplitude of pV fluctuation  divided  by  average pV based on 
average anemometer current 

Subscripts x 

t t i p  

Z axial direction 

1 s ta t ion  at ex i t  of guide vaneB 

2 s ta t ion  at ro tor   ex i t  

3 s ta t ion  at s t a to r   ex i t  

Superscript : 

t r e l a t ive   t o   ro to r  

Rotating stall has been depicted as the propagation of lmge stal l  
zones r e l a t i v e   t o  the blade row. The propagation mechanism can be de- 
scribed by considering  the b M e  row t o  be a  cascade of blades similar t o  
that shown Ln figure 2. Assuming that some flow -peI"bation has caused * 
blade 2 t o  reach a stalled  condition  before the other blades In the cas- 
cade,  then this stalled  blade does not produce sufficient  pressure rise 
t o  maintain  the f l o w  around f t .  Consequently, effective flow blockage or 
a zone of reamed flaw develops. This retarded flow (shaded In fig. 2) 
diverts the flow around it so that the angle of attack  increase8 on blade 

a 
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3 and decreases on blade 1. The s ta l l  propagates downward re la t ive  t o  
the  blade row; the  diverted flaw stalls the blades below the  retarded- 

zone moves from the pressure side to  the  suction  side of each bLade (the 
opposite  direction of ro to r  rotation). The s t a u  zone may cover several  
blade  passages. From compressor tests, the re la t ive  speed of propagation 
has  been  observed t o  be less than  absolute  rotor  speed. Conseq-ntly, as 
observed  fram an absolute frame of reference, the s ta l l  zones ap-pear t o  

I flow zone and unstalls  the blades above it. The retarded-f low or stall 

ca 
m rn 
0 be moving in  the  direction of ro to r  rotation. 

Experimental  Detection of Rotating Stall 

A t  present,  the  hot-wire anemometer is generally  used at the NACA 
L e w i s  laboratory t o  detect and measure the flaw fluctuation of stall. 
However, since a pressure change accompanies these flaw fluctuations,  a 
high-frequency-response  electronic  pressure  pickup is also a suitable 
detection  device. The hot-wire-anemometer  probe  and two types of hot- 
wire-anemometer amplifying systems, the constant-current and the  constant- 
temperature,  are  dlscussed  in  references 5 t o  7. A method of determining 
from hot-wire-anemometer data the nuuiber of s t a l l  zones i n  a given  pattern 
and the magnitude of the flaw f luc tua t ion   i n   t he   s t a l l  zones w i t h  respect 
t o  some  mean flaw value is given in  reference 8. r 

The testing  procedure  generally  followed i n  determining  the  rotating- 
stall  characterist ics of a  compressor is t o  operate  the compressor at a 
constant  speed and gradually  decrease the weight flox while  observing  the 
resul t ing changes i n  the hot-*e-anemometer output. The hot-wire- 
anemometer signal; usually  observed OII a n  oscilloscope,  follows a def ini te  
evolutionary  process  as the weight flow is decreased. AB an   i l lus t ra t ion ,  
this process is described in con junction w l t h  the performance character- 
i s t i c  of a single-stage  axial-flaw compressor (fig. 3). 

- 

When the   t e s t  is begun, at high weight flows near the best operating 
point of the compressor, the  hot-wire signal viewed on the oscilloscqpe 
indicates  sharply  defined blade wakes in   region A. Typical oscillogr8n1B 
showing these  blade wakes are  given  in figure 4. As the weight flow is 
reduced below the  peak-pressure-ratio  weight flaw denoted by region B of 
figure 3, the  blade wakes  become wider and less well defined,  indicating 
flow separation and the  possibi l i ty   of* stall 6mwhere along the  blade. 
A momentary o r  unstable s ta l l  zone covering  several  blade  passages is 
occasionally  observed on the oscilloscope. The sporadic stall  zone is 
often  the  herald of a per iodic   ro ta t ing-s td l   pa t te rn  that develops at 
lower  weight flows. Periodic  rotating-stall  zones are  observed  as the 

rotat ing-stal l   pat tern for -this area is shown by  the  oscillogram of fig- 
ure 5. Further  thrott l ing of the compressor w e i g h t  flaw msy promote 
changes in   the   ro ta t ing-s ta l l  patterns w i t h  respect t o  the nunher  and 

- weight flow is further  reduced t o  region C of f3gure 3. A typ ica l  

* 
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s ize  of the stall zones. Lf the w e i g h t  flow is gradually  increased, gen- - 

e ra l ly   t he  same rotat ing-stal l   pat terns  will appesr; however, the s ta l l  
pat te rn  will. be instigated at  higher weight .flow, as shown i n  figure 3. .I 

This  behavlor o h t a l l  instfggtion is called  h-ysteresis. 

Characteristics of experimentally  observed s ta l l  patterns. - Single- 
stage compressors t Rotat ing-stal l   character is t ics  have been investlaated 
i n  a considerable nmiber of-single-stage  experimental compressors, w i t h  
symmetrical,  solid-body,  or  free-vortex  velocity diagrams and a var ie ty  w 
of blade  shapes. ?The . ro ta t ing-s ta l l  data obtained  enbrace a wide range 
of stall-propagation rates and nuniber of zones i n  each s t a l l   p a t t e r n .  
The nmiber of zones varies €‘ram l . t o  12, and the  absolute propagatton 
ra te   var ies  From approximately 10 t o  85 percent of ro tor  speed. Geaer- 
a l ly ,  more than one stall pat tern occurs; that is, the number of zones 
and the geomtric  configuration of the stall-zone  region change as the 
flow is varied in a given compressor. Figure 6 is a typical  single- 
stage-canrpressor perfcuplance map with the s t a l l   p a t t e r n s  observed and the  
w e i g h t - f  low range of each pattern  indicated on the  figure.  Generally, 
ae i n  the exatugh used i n  the figure,  the propagation rate remained essen- 
t i a l ly   cons tan t  over the ent i re  s ta l l  region,  notwithstanding changes i n  
the  rider of stall zones. Some exceptions t o  the comistency of the 
stall-propagation rate have been  observed when appreciable changes i n  the 
radial   extent  of the stall zone take place. 

w 
8 

. .  

. ”  .. . .  

Multistage compressors r Multistage  compressors exhibit stall char- 
ac te r i s t i c s  similar t o  those of the single-stage  units. The s ta l l  zoneB 
appear t o  extend  axially  through the cmrpresmr,  that Is, with l i t t l e  or 
no spiraling. As the . w e i g h t  flow was th ro t t led  at a constant  speed,  the 
number of stall zones i n  the annulus varied from 1 t o  7 among the several  
compressors investigated.  Rotating stall i n  multistage campressore may 
exis t  f r a n  choked flow t o  surge at l o w  speeds. The ro ta t iona l  speed of‘ 
the stall zones ranged  from 43 t o  57 percent of the  rotor  speed, and the 
stall.  prapagated i n  the  direction of the rotor  rotation  (absolute f r m  
of reference)  for a11 compressors investigated. 

Rotating-stall character is t ics  are superimposed on a typica l  
multistage-compressor performance map i n  figure 7. For t h i s  compressor, 
s tall  existed throughout the compressor in  the  intermediste-epeed range. 
The rider of s t a U  zones increased with a decreaae in the weightflaw 
at  a given speed. 

single- &nd multistsge s t a l l  data srrmmery. - Tables I ( a )  and (b 1 
g ive  a general summary of the s t a l l  data from single- and multistage 
compressors,  respectively. More information  regarding s t d l  has  been 
taken for single-stage  units  than f o r  multistage compressors. Single- 
stage-compressor design data are given i n  table  11. 

- - 

. 
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Classification of S t a l l  

h Rotating s ta l l  may be classif ied as progressive  or  abrupt,  according 
t o  the performance character is t ic  of the compressor. In addition,  the 
stall pat tern is described  as  partial   or  total   span end steady or in te r -  
mittent,  according t o   t h e  geometry of the stal l  zone and the  periodicity. 

Progressive or abrupt stall. - Classifying  rotating s ta l l  by the 
m 
to 

type of stage performance characterist ic  associated  with it is probably 
0 the most important way t o  denote s ta l l  types, A smooth, continuous  stage 
m performance character is t ic   in   the stall region simikr t o  that shown i n  

figure 6 indicates  the gradual increase  in blocked annulus area due t o  
stall. Appropriately, this type i s  called  nprogressive" stall. I n  
contrast, a discontinuous  stage  perfamame  characteristic  Uke  that s h m  
i n  figure 3 has also been  observed  during stall. Generally, for this 
type of performance  curve a single stall zone covering &a much as half 
the  annulus  area and extending  over the entire  blade  span has been ob- 
served. Because of the discontinuity  in  the  pressure  curve, this tgpe 
of s t a l l  i s  called  "abrupt. *' 

The t e r m  '*complete c q r e s s o r  stall" i~ applied t o  multistage com- 

c f o r  abrupt s ta l l  of single-stege  compressars. The c-lete-campressor- 
pressors t o  describe a discontinuoua  performance  curve similar t o  that 

stall points on the performance m p  define the stall-limit l ine.  

The  magni-kude of the  pressure drqp at the  discontinuous  point of the 
performance characterist ic is shown i n   f i gu re  8 for  abrupt stall of blade 
elements. Here the  pressure drop due t o  stall divided  by  the  pressure 
r i s e  immediately before encountering stall is plotted  against  the com- 
pressor  pressure  ratio measured just before  conpressor stall. Both 
single- and multistage data are  included; that i a ,  both abrupt and 
complete-compressor-stall data are plotted.  Evidently,  abrupt s tall  of 
some blade elements  and complete campressor s t a l l  are similar. From t h i s  
f igure it is apparent that the pressure drop accompanying complete com- 
pressor s ta l l  ls severe and will result   in  appreciable  penalt ies i n  com- 
pressor  efficiency. 

Par t ia l -  or total-span stall. - The radial extent of the  stall zone 
along a blade is another  convenient  characteristic for classifying  rota- 
t i ng  stall. In adaition  to  extending  cfrcumf'erentially  over  several 
blade  passages, the s ta i l  zone also  covers  part or all of the blade span. 
Thus, the term  partial-span stall 1s used t o  denote s ta l l  covering  part 
of the blade span, and to ta l - span   re fers   to  stall  covering the whole 
blade  length.  Figure 9 shows the type of o s c l l l o g r a ~ ~ ~  obtained  during a 
radial traverse  with a hot-wire-anemometer probe. The large-amplitude 
pulsations from hub t o   t i p   ( f i g .  9( a ) )  are   typical  for total -span  s ta l l .  
Figure  9(b) shars a. partial-span stall concentrated at the t i p ,  88 shown 
by  the  disappearance of the stall "blip" from the anemometer trace at 
the hub. 
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Ste-ehy or  intermittent stall. - It has been  observed that compressors 
may a lso  have an  intermittent type of s ta l l  pat tern  for  a given operating 
point.  In t h i s  case one s t a l l   p a t t e r n   e x i s t s   f o r  an instant,   then changes 
t o  a new stall pattern.  Intermittent changing among three  different stall  
patterns has been  observed i n  one multistage compressor. 

.r 

General  Observatians on Rotating-Stall Phenomena 
!3 
3 The following  general  observations  concerning rotating-stall phe- 

nomena are made f r o m  examination of the  existing data. The remarks apply 
t o  both single- and multistage compressors. Exceptions to   the  general iza-  
t ions  are a lso  discussed. 

Hysteresis effect. - When a compressor i s  being run at a constant 
aerodynamic speed and a rotating-stall pattern is encountered awing  a 
t h ro t t l i ng  of the weight fwl usually that same stal l  pat tern w i l l  be 
observed f o r  auksequent repeated tests. In  fact, for single-stage tests 
over a range of speeds the s ta l l  pat tern w i l l  be repeated for all speeds 
if the campressor I s  qperated at the same f low coefficient  in  each  case. 
However, it Fs interest ing that, once a stall pat tern has been established 
during a thrott l ing  process,  if the f l o w  is allowed t o  increase the pat- 
tern w i l l  pera i s t  above the value of the thro t t led  weight flow (or flow 
coeff ic ient   for  single-stage compressors ) t o  a higher w e i g h t  flow before 
disappearing. A graphical  superposition of t h f s  apparent reluctance of 
the s t a l l  pa t te rn  t o  change on a compressor performance curve resembles 
the well-known hysteresis loop of other-phyeical phenomena. Consequently, 
it has been Labeled "hysteresis,"  although no time-dependency is involved. 
The resemblance is most striking  for  abrupt stall,  because a a i s t i n c t  
loop is formed. 

This so-ca l led   hp teres i s  e m %  is also present when a change i n  
the stall  pat tern occurs. The weight flow marking the  inception of a 
pat tern during the..throttling  process l e  lower than  that marking the  
disappearance o f t h e   p a t t e r n  when the flow is increased. 

Stall-propagation rates. - Single-stage  compressors  exhibit a wider 
range of stall-propagation  rate than multistage compressors. Most multi- 
stage con~pressors have s ta l l  patterns with propgat ion rates o fabou t  
half-the ro tor  speed;  whereas, s i n g l e - s t a g e - c ~ e s 6 o r  stall patterns 
range from approximtely 10 t o  85 percent of' rotor speed. Both m u l t i -  
stage and single-stage compressors usually e-bit one stall-prapagation 
rate fo r  all stall  patterns, if the geometry of the s ta l l  pa t te rn  does 
not change. Exceptions t o  this generali ty have been mentioned i n  the 
discussion of single-stage stall  data. No exceptions have been  observed 
f o r  multistage compressors. 
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Flow and pressure  fluctuations . - -le 1{a)  includes a colrrmn i n  
w h i c h  the flaw fluctuation accompanying rotat ing std- i n  a single-stage 
compressor is l i s t e d   i n  terms of the  parameter bpV/pV. The magnitude of 
&V/pv varies 'from-0.6 t o  2.14. No apparent  correlation of the magnitude 
of the  parameter  with  the  size or nrnaber of stall zones can  be  obtained 
from the  existing data on single-stage compressors. 

The magnitude of & V / s  for  blade wakes measured during  design 
flaw conditions may range from qproximately 0.1 t o  0.2. By mnrprison, 
the stall disturbance is rather  severe. 

The magnitude of the parmeter  & V / p  i n  the i n l e t  stage of a 10- 
stage  research corqpressor w a s  found t o  be S ~ J I L ~ ~ ~ T  t o  that observed i n  
single-stage compressors. The s t d l  data  reported i n  reference 9 were 
obtained at 50, 60, and 70 percent of deaign  speed. This operating  region 
i a  the   in le t - s tage   s ta l l  region indicated  in   f igure 1. By locating  hot- 
wire anemometers at various  axial  stages,  the magnitude of the f Law f luc-  
t u a t i o n   t h r m o u t   t h e   e n t i r e  campressor w a s  measured. The data of f ig -  
ure 10 (ref. 9 )  show that   the   Intensi ty  of the  f law-fluctuation  level 
diminished  appreciably &ter the fourth or f i f th  stage of the campressor. 

- - ". 

The pressure  f luctuations  peculfw t o  the  &rupt s ta l l  that occurs 
along  the stall-&it or  surge l i ne  of multistage  campressors  are signei- 
cant,  because the attendant  efficiency &rqp ljmits the  useful  engine 
operating  range,  In  discussing  figure 8, it was pointed  out  that  an ab- 
rupt (40- or  50-percent) drop in   p ressure   r i se  may occur when the cqpres- 
sor  operating  point  reaches  the sta3l-llmi-b line.  I n  reference 10 the  
drap i n  the discharge  pressure and the pressure  f luctuation accompanying 
abrupt stall  were measured during  stalled  qperation. A t  82-percent  deelgn 
speed, when the compressor reached the stall-Ulait l ine,   the  mean l eve l  
of the discharge  preseure copped 50 percent and the  discharge  pressure 
fluctuated 25 percent above and below the mean pressure l e v e l  of the 
stalled  operation. 

Usually, the rotat ing-stal l   pat tern observed when the std-limit 
l fne  is reached is a single-zone  total-span stall, Because of the dis- 
continuity  in  the performance  curve,  the stall is classeied aa &rzq?t. 

Multistaging -eff ec t  . - Experimental  eviaence has shown that data on 
propagation  rate or umber of stall  zones i n  single-stage compressors do - 

not-a&Ay t o  the rotat ing-stal l   character is t ics  of multistage units com- 
posed of these  stages . In  reference ll, the single-stage stal l  data f o r  
three  identical  stages composing a multistage compressor are compared 
with the d t j s t a g e   s t a l l  data. In  order t o  explain the difference  in 
the stall of stages  tested  3ndividudl.y and 88 a part of a multistage 
compressor, multistaging or Interaction  effects must be consi&ered. 
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I n  multistage comgressors,  each stage  operates  in an aerodynamic 
environment determined t o  some extent by a l l  the colqpressor stages. This 
environment comprises two multistaging or  interaction  effects:  - 

(I) The radiaLgradients i n  axial velocity emanating from a stage at 
off  -design  operation, which may be suff ic ient ly   severe   to  cause a 
s ta l l  angle of attack over a part of the blade span of some d m -  
stream blade row 

(2) me influence of bw-flm or stal l  zones emanating from other 
stages of the compressor 

The result of the rad ia l   g rad ien t   in   ax ia l   ve loc i ty  might w e l l  be 
the  development of a rotating-stall   pattern  considerably  different from 
anything expect& f'rom single-stage stall data  alone.  In a ser ies  of 
t e s t s  conducted at the NACA L e w i s  laboratory on a production turbojet 
engfne, it was observed tha t  the stall  character is t ics  d the compressor 
could  be changed by al ter ing  the  veloci ty  prof f le   en te r ing  the first blade 
row. Wire screens were used t o   p a r t i a l l y  block the flow into the compres- 
sor   inlet .  When the.  screen^ were arranged to produce circumferential 
var ia t ion  in  the flow, no appreciahle- changes-i.a t he   s t a l l i ng  characteris- 
t i c s  were evident. However,-when radial  gradients i n  the f l o w  were 
achieved by partial blockage of me whole annulus of the inlet passage, 
the s ta l l ing   charac te r i s t ic  of the compressor was al tered  s ignif icant ly .  

* 

It was pr.eviausly  pointed  out  that, when ro ta t ing  s ta l l  o c c u ~ s  i n  
multistage compres6ors, the s ta l l  zones extend throughout the   en t i re  axial 
length of the  compressor, ES shown in figure 10. This mans that each 
stage in the compressor w i l l  eqerience  periodically  recurring low-flow 
zones. If a stage o r  stages  operate suff icierrtly  near  the s t a l l  point, 
the  presence of the low-flow zones may cause stall angles of a t t a c k   t o  
occur when the  blades pass through the stal l  zones. 

- 

Variation i n  stall patterns. - One of the objectWee in  presenting 
table I is t o  emphasize the great var ie ty  of s ta l l  patterns that have 
been  observed. A t  present,  there  appears t o  be no way of catslogin@;  the 
s ta l l  w i t h  respect to any type of compressor design. Among several  com- 
mercial  engines of one type, each of which w&8 instal led i n  the 6 ~ m e  t e s t  
facility, the  s ta l l  patterns were different, although the propgation 
rate remained essentially  the same. m a r e n t l y ,   i n   t h i s   c a s e  the st&U 
pat tern was sezllsitfve t o  such amall changes -in compressor  geometry as 
would result from  production  tolerances. Such minute Wferences  i n  
geometry would be d i f f icu l t   to   inc lude  i n  a theory that would predict  the 
stall pat tern from design  data. 

E e c t  of inlet temperature. - S t a l l  frequency f o r x i  ,gfven a t a l l  
pat tern is proportional t o  actual engine  speed and is independent of in- 

. 

-kt tempera&;. The speed  range  over which. a given s ta l l  pattern is 
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observed. Fa a  function of equivalent speed and, therefore,  varies  with 
i n l e t  temperature. If the  mechanical  speed is ch  ed to accommodate i n l e t  
temperature  changes, so that the  corrected  speed y@ SS constant, the 
s ta l l  frequency w i l l  vary with the  mechanical  speed.  Consequently, it 
w i l l  be  impossible t o  tune  the  natural  frequency of the compressor blade8 
t o  avoid a resonance  with  the  fundamental stall disturbance or i ts  harmonics 
over a range of compressor-inlet  temperatures. 

Blade Vibration  Incurred during Rotating Stall 

Since  rotat ing  s ta l l   consis ts  of one o r  more low-flow zones tha t   ro-  
t a t e   i n   t h e  compessor annulus, usually a t  constant  speed,  the blade rows 
experience  periodic aerodynamic forces  as  the low- and high-flaw zones go 
by the blades. In  reference 1 2  the  f luctuating  forces due t o   r o t a t i n g  
s ta l l  were measured on the guide vanes  and stators of a single-stage com- 
pressor. The blade-force  f luctuations  during  rotating  stall  were campara- 
b l e  t o  t he   s t ew-s t a t e   b l ade   fo rce  measured during unstalled aperation. 
This periodic  force can therefore be a source of resonant  blade  vibration, 
where the  frequency of the s ta l l  re la t ive  t o  the  blades  excites  the  blades. 
From current  evidence,  the compressor designer m u s t  always  be  concerned 
with the  possibi l i ty  of blade f a i l m e  due t o  resonance  between  the  blade 
frequency and the s ta l l  frequency. 

Single-stage compressors. - When the  high  stresses accompanying ro-  
ta t ing  s ta l l   are   invest igated,  it i s  necessazy f i r s t  t o  determine the 
magnLtude of the  blade  stresses when accompanied by rotat ing stall. An 
investigation of the  effect  of rotat ing s t a l l  on the blading of a  single- 
stage compressor w i t h  a hub-tip  radius  ratio of 0.5 is reported  in   ref-  
erence 13. The experimental  results show that s ta l l  zones  can excite 
blade  vibration with resul tant  bending s t resses   suff ic ient ly   severe  t o  
cause  blade  failure. Fatigue cracks were observed i n  the aluminum stator 
blades. The blades were i n  resonance w i t h  tke first two harmonics, as  
shown i n  figure ll, which is a p lo t  of t he   r a t io  of the s ta l l  freqyency 
t o  the  natural  bending  frequency of the  blade  against  rotor speed. 
Resonant vibrations occur a t  compressor speeds  corresponding t o  the fn- 
tersect ion of the stall-frequency  line w i t h  horizontal  lines representing 
resonance  with  the  fundamental stall frequency and the f i r s t  t w o  harmonics. 

. -  

Other fatigue fa i lures  of experimental  single-stage  compressors have 
been at t r ibuted t o  rotat ing stall. S t a l l   d a t a  were not obtained for a l l  
the compressors that failed, but each  compressor  had  been operated i n  the 
stalled  region. Most of these compressors were stages of 0.5 huS3-tip 
ra t io .  A fatigue fai lure   with much shorter blades, where the  hub-tip 
r a t i o  w a s  0.72, was a t t r i bu ted   t o  resonance  between  the  relative  funda- 
mental s tall  frequency and the  natural  bending  frequency of the blades 
(see r e f .  14). 
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Multistage  compressors. - Although several multistage-corqressar 
failures at the NACA might be attributable t o   r o t a t i n g  s t a l l ,  only one . .  

was suff iclently  instrumented with s t r a in  gages and hot-wire anemometers T 

t o   t r ace  the failure d i rec t ly   to   ro ta t ing  stall. This investigation is 
reported i n  reference 15, fn  which a reSOnant-Vibr8tiOn condition was 
found i n  the first-tage  rotor at approximately 62- and 70-percent  design 
speed, as shown in figure 12. The strain-gage data indicated vibratory 
stresses of approximtgly f13,500 and &34,800 pounds per s q w e  inch, 
respectively, at these werating  points,  which were suff ic tent   to   came 
fatigue failure of the aluminum blades. Typical  high-stress  vibration 
bursts caused by rotating stall as recorded from the   s t ra in  gages are 
shown i n  figure L3 for 62-percent  design  speed. 

E u) 

Methods of alleviating blade vibration. - To the &al-flow-compressor 
designer, the most serious result of rotat ing stall i s  blade failure. The 
theory of rotat ing stall  developed thus far does not provide a method f o r  
predicting stall. frequency for new dijs-lgns @nd. thus "tuning" blades out of- 
dangerous blade-vibration  frequencies.  Furthermore, as mentioned i n  the 
cliscussion 0f"the ef fec t  of inlet  temperature on the stall frequency, it 
appears  impossible to tune the blades for all the troublesome stall fre- 
quencies  over the range of inlet temperature  encountered i n  flight. 

Inasmuch as it appears impossible t o  tune  blades t o  avoid c r i t i c a l  a 

s ta l l  frequencies,  other  possible meam of circumventing the blade- 
vibration problem must be  considered. These include: (1) increasing the . " 

danrping of' the blades, (2) preventing  the  operation of any compressor 
blade row i n  a stalled at t i tude,  and (3) disrupting  the  perfodiclty of 
the stall patterns so that a resonan-kmxdition between the blade fre- 
quency and the s ta l l  f'requezrcy cannot exist .  

- 

Increasing  blade damping: The vibration-darqping  properties of a 
blade may be changed markedly  by  changing the blade material. Some 
materials exhibit greater damping properties  than  others; f o r  example, 
s t a in l e s s   s t ee l  has bet*  damping properties  than aluminum. Blades 
fabricated from plast ics  are currently  being  investigated  for  their  damg- 
ing quaLitie-s. Obviously, the damping properties of 8 blade may a l so  be 
-roved by changing the m c h n i c e l  design of the  blade. Such modifica- 
t ions as alterfng the thickness-chord  ratio, the aspect ratfo, or the  
fillet- radius may sribstantially  increase the. s t i f fness  of blades. X 
addition, the nethod of blade attachment or- blade s q p a r t  is a design 
variable that can alter the damping. 
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Preventing stalled at t i tude:  As was mentioned in   the  ~ R O D U C T I O N ,  
pat-speed  operation of multistage compresgors causes  the  exit  stages  to 

Any bleed-off  system tha t  unchokez the rear stages will a l lev ia te   the  
s ta l l ing  condi t ion  in   the  inlet  stages and consequently w i l l  increase the 
s ta l l - f ree  range of the compressor. 

- choke, which limits the flow in the inlet stages and  causes them t o  stall. 

Another possible method of increasing  the stall-free range  of a com- 
pressor is the use of adjustable  guide  vanes  and  stators. By t h i s  method, 

w the  angle of attack on the   in le t   ro tors  is diminished so that stall  of the 
w emly  stages is delayed. By increasing the angle of a t t a c k   i n   t h e   l a t t e r  8 stages, the situation  there i s  improved. This device is currently  being 

used i n  one commercial multistage compressor as a means of  improving the 
part-speed  operation. 

Disrupting  periodicity of stall: As a means of controlling  the 
stdling characterist ics of multistage compressors, adjustable inlet 
ramps or  baffles have  been used. Reference 1 6  reports  the  successful ap- 
plication of  ramps a t  the  hub that appreciably  reduced  the  range of inlet- 
stage stall. The effect  of the ramps or  baffle6 is t o  reduce  the M e t  
flow area. In engines  tested  with  the  baffles,  rotating-stall  patterns 
were no longer  periodic, and the  danger of blade failure due t o  resonant 
vibration was eliminated. 

Theories of Rotat ing  Stal l  

Several  theoretical  analyses have  been  proposed to   p red ic t   the  propa- 
gat ion  ra te  of rotating stall. In order to ident i fy   the  theories  f o r  
discussion,  each is referred t o  by  the name of the first author. The 
notation is t ha t  used in  the  original  references.  

Emmons theory. - In the  presentation of the Emmom theory  in  refer- 
ence 17, the  authors did not produce a result  involving the prediction of 
stall-propagation  rates. The purpose of the analysis w a s  t o  es tabl ish  the 
necessary  conditions  for the amplification of small disturbances of asym- 
metric flow  corresponding t o  those  observed in  s ta l l  propagation. 

The physical model analyzed was  a cascade in which total-pressure 
losses were considered by introducing a parameter a, which consisted of 
t h e   r a t i o  of an isentropic  flow area required t o  carry the  inlet flow t o  
the  actual  exit flow  area. A l inear  dependence  between t h i s  parameter 
and the  tangent of the inlet flow angle of the cascade w a s  assumed, and 

f 
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I_ L the  static  preesure-behind  the  blade row %-as ~considered~constant. 

varies  appreciably. ] Under certain  circumstances,  with  the  assumption of 
a n   i n i t i a l  small asymmetric disturbance at the cascade  entrance,  the 
analysis showed emphatically  that  the asymmetric flow Kill develop in to  
a  large  disturbance. . . ... " . . . ." . . " . . . . . ... . .. . . " 

[ R N A  data  (ref.  18) show that   the   s ta t ic   pressure behind  the  blade row - .  

-- 

As a result of the  small-perturbation analysis, the  authors of the 
Emmons theory concluded that  the  velocity of propagation is proportfoml 
t o  the wavelength. The  Emmons theory  suggests that an analysis involving 
finite  dieturbances w i l l  yield an answer t o  the  size of the stall  zones. m 

Stenning  theory;. - The Stenning  theory  (ref. 19) extends  the work of . 

8- 
Prl 

Emmons by more precisely  defining  the  time-delay mechanisms on which the . .  

velocity  or  propagation of rotating s ta l l  depends. The principal time 
delays  considered are  the   iner t ia  of the fluid between the   a i r fo i l s  and 
the response of the boundary layer. 

Theory: The author  bases.-his analysis on the same  model setup used 
by b o n s ,  where it -was assumed that   the   effect ive  out le t  area of a chan- . .  

ne1 representing  the  blade  passage i s  reduced as a r e s u l t  of s t a l l  and . -. 

that   the  -static  presaure remains constant  behind  the  cascade. By con- 
sidering  small  perturbations  in  velocity- from the  steady flow, a  solution - 
is obtained from momentum-considerations within  the  cascade  for  the  veloc- 
i t y  of stall propagation i n  terms of 1nlet .and exit angle,  chord t o  wave- 
length  ratio, and effective-area  to  inlet-area  ratio.  

.. 
Results and conclusions: According to Stenning,  the  equation for . . .. 

stall-propagation  rate i s  . . L  .. .-. - . .  _ _ _  . . -:.... _, -. . j  ......--- ".. .. I 
.- . . 

U... c o t  8 ,  

cx a2 cos p2 (T " cos p2 ) Lnrr 

where 

Urn stal l -zone  velei ty   re la t ive  to-   blade row 

cx axial   velocity 

Pl re la t ive  i n l e t - a i r  angle , . .  
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3~ r a t i o  of effective  exit  axea t o  inlet area 

- P2 relative  outlet-air   angle 

L blade  chord 

n integers  giving harmonics 

A 
A 

D 
3 

b one-half  wavelength of disturbance 

A carpet  plot of equation (1) is  sham in   f igure  14. The 
inlet-air  angle P1 and the  outlet-air  angle are t reated as varia- 
bles   in   the  plot ,  and the   r a t io  L/b is considered as a parameter. The 
ordinate of the graph is the  stall-propagation  parameter  (ratio of rela- 
t i v e  s ta l l  speed U t o  rotor  speed a t  mean blade-  height &> multiplied 
by the  square of the  area-rat io  parameter a. D a t a  from table  I(a) are 
presented  for comparison  with the  values  predicted by theory. It should 
be  pointed  out  that  the  configuration of the compressors did not  closely 
correspond to'  Stenning's model. Because it is impossible t o  obtain re- 
l i ab le  measurements of flow angles  during stall, the inlet angle was 
calculated from the  weight-flow data, and out le t  angle could  only be 

could  only  be  estimated as some value  less  than  unity.  (Stenning con- 
siders it t o  be 0.75.) Thus, only  the inlet-air angle, the  propagation- 
r a t e  parameter,  and the va lue  of L/b could  be  considered t o  be "data" 

range of possible-"x..t and inlet flow angles. Assuming CL t o  be 0.5, 
most experimental data of table I(g) are  within  the  values  predicted by 
the  Stenning  theory. These points  are  plotted on the  interpolated L/b 
carpet  plots  indicated by the dashed l ines .  If a is  taken as 0.75 a8 
Stenning  suggests,  the data do not agree w e l l  with  the  theoretical  values. 
These points do not  appear in figure 14: It i s  not  clear whether the in- 
consistency of the  predicted  values as compared with the data should be 
at t r ibuted  to   the  l imitat ions of the  theory o r  to  inappropriate  applica- 
t i on  of the   theory   to  compressors  not similar to   t he  m o d e l  used by 
Stenning . 

C estimated. I n  addition, t h e  r a t i o  a is not a measurable  quantity  and 

- in the  comparison. The carpet  surfaces w e r e  drawn t o  extend Over a wide 

... .. 

The theoret ical  results show that the  velocity of s t a l l  propagation 
relat ive  to   the  rotor   increases   with  the s i ze  of the stall zone. A com- 
parison  with  the test resu l t s  of Emmons also shows this t o  be true; how- 
ever, stall data taken from the  compressors of table I(a) indicate   this  
may not  always be the  case. The inclusion of EL boundary-layer  time  delay 
in   the.analysis  had the  effect  o f  decreasing  the  velocity  of  propagation 
of the s ta l l  zone  and indicated  that   rotating s ta l l  fs possible  for 8. 

range of inlet   angles.  
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Sears a i r fo i l   theory .  - Sears has published two papers on the  eubject . .. 

of s ta l l  propagation. The f i rs t  paper  (ref. 20) demonstrates that asp- 
metric flow can e x i s t   i n  a cascade. It also presents a plcture of the " 

model used by Sears  for the second  paper. 

. "  

Theory: To represent a b l a e  row i n  a compressor, an annulus of 
infinit8Zy many blades of small chord was  chosen.. Thia configuration 
amounts t o  an  actuator disk or  vortex  sheet simulating the  blade row, as 
shown in figure 15. The flow pat tern was considered  steady  with  respect 
t o  a rotating  coordinate  system  (rotating  slower  than  rotor  speed), BO 
t h a t  the cf rcu la t ion   d i s t r ibu t ion  i n  the disk could  be assumed t o  be a 
function of the y-coordinate of figure 15. An incampressible flow f i e l d  
was assumed, and small-perturbation  theory was applied i n  the analysis. 
Since  the blades of t h i s  rotor  move r e l a t i v e   t o  a flxed circulat ion  dis-  
tribution,  they  experience  unsteady flow. Unsteady-flow theory stsix8 
t h a t  a i r f o i h  will shed wakes a t  t h e i r  trail%a.-edges.  The complete 
model, then,  consists of a vortex  sheet  representing  the rotur ,  an ir- 
ro ta t iona l  flow f ie ld  representing the flow  entering the rotor, and a 
ro ta t iona l  flow representing;  the wake leaving the rotor  disk. 

8 to 
M 

The mudel proposed by Sears differs from that- used by Emmom i n  the 
following  respects: Sears uses an actuator.disk w h e r e  Ebmons used a 
cascade of f i n i t e  length; and, w h i l e  Emmons assumed constant static p e e -  
sure a t  the exit of t h e  cascade,  Sears  considers the  vorticity  following 
the blade row t o  be uniformly dist r fbuted and does not impose any r e s t r i c -  
tions on the pressure f ie ld.  

- - 

- 
The principal  object of Sears in  reference 20 was t o  develop  the 

r e l a t ion  between the induced veloci t ies  at the  rotor  disk and the  circula- 
t ion  dis t r ibut ion.   Brief ly ,  the manner of solving the prablem was t o  
divide the flow f i e l d  i n t w  two parts,  an i r r o t a t i o n d  par t  and a rotation- 
a l  par t ,  and then  to  devise  relatione between the x and y .velocity 
components i n  each type of flow (6e'e f ig .  15). The next  step was t o  
develop expressions f o r  the  c i rculat ion  in  terms of the ve loc i ty   d i s t r i -  
bution. The induced-inflow  velocities a t  the actuator disk could  then be 
calculated when the  c i rcu la t ion   d i s t r ibu t ion  w a s  known. To complete the  
solut ion,   a i r fa i l   theory was used t o  relate the circulat iag  funct ion  to  
the  incidence  angle  ofthe  blade row. ! B A S  type of solution is ca l led  
the ' ' a b f o i l  theory" to   d i s t inguish  it from another  analysis i n  which 
Sears subst i tuted a 60-called  "channel  theory." 

Results and conclusions: AssumLng a sinusufdal variation i n  the 
circulat ion  dis t r ibut ion,  Sears found that no solution could be obtained 
f o r  a lift function t h a t  wae linear with incLdence angle, whether t h e  
a i r f o i l  is s t a l l e d  ar urrstalLed. However,  when a phase  angJe was Intro- 
duced between the lift and  angle of a t tack so that the lFft kgged  the 

" 

A 

. .  
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angle of attack, a solution w a s  found, which means that a permanent asym- 
metric flow pattern exists. The phase-angle  concept used by Sears was - based on the work presented in   reference 21. 

Ehmons and  Stenning studied the s t a b i l i t y  of an asymmetric pattern 
imposed on the  flow f ie ld;  Sews did not employ a s t a b i l i t y  study t o  show ' 

that an asymmetric flow could initiate itself under the  conditions men- 
tioned i n  the peceding paragraph. 

Sears channel  theory. - Theory: The second  paper by Sears (ref. 22) 
presents an extension of the f i r s t  theory. The analysis involvfng the 
airfoil   relations  Fs-repeated, but the f i n a l  results are presented in a 
somewhat differen* manner. The phase angle A is related t o   t h e  
asymmetric-flow  propagation rate and the properties of the cascade by the 
following  formula : 

t an  A = b + ( 2k k2 + b )(l + b2) 

where 

flow coefficient 

h/N r a t i o  of s ta l l -propagat ion  ra te   to   rotor  speed, absolute  frame of 
reference 

P absolute  inlet  -air angle 

The analysis also presents an equation that relates the slope of the 
lift curve m t o  the variables  appeaxing i n  equatton (2): 

- =  -mu -+ b2 cos A 
4 k2 

where CT is the sol idi ty .  The curves of the predicted asymmetric flow 
pat terns   for  the a i r fo i l   theory  f ig .  16(a) 1 result from the  simultaneous 
solution of equations (2 ) and (3 I . It should be noted that the parameter 
k us& by Sears i e   t h e   r a t i o  of the  stall-propagation speed t o  the ax ia l  
velocity. 



I n  t h i s  theory, an analysis  involving  chameL  relations is  substl- 
- 
" 

tuted  for   the  a i r foi l   analysis .  !I%+? So-cdLed channel.theory i a  based on 
empirical  rehtions  derived froin cascade tests-. me two principal r e s -  
t ions of the  channel  theory  state that t h e  relative  outlet-air   angle is 
a function of the inlet angle and that   the  pressure rise acrow the  blade 
row is inaependent-d-the  inlet-air  angle. The pr incipal   d is t inct ion be- 
tween the   a i r fo i l  thee-ry and t h e  channel  theory is an  inclusion of the 
total-pressure l o s ~  in the l a t t e r .  Since s t a l l  implies large  lossee, it 
would seem at the  outset   that  the  channel  theory would conform  more nearly 
t o  t h e  physics of the  actual flow. The procedure of the  analysis in- . 8  
volving channel theory is  similar to that of the  airfoil   theory previ- 
ously outlined. Also, a phase angle 6 comparable t o  the phase angle 
A of a i r foi l   theory is introduced. . 

" 

" 

M 
KJ 

. .  

Res~iLix and condusionii; Solutfons for. a S p U E t r i C  f ~ a r s  sat isfying 
the conditions of theproblem were four@ for  both  types of  analyeis. The 
results of both a i r f o i l  and channel  analyses are presented in   reference 
22 i n  graphical  formand  arere~roduced here Fza figure 16. The ordinate 
and abscissa  are l a b e l a  with  Sears'  notation and in term..of  the  vector- 
diagram terminology. The o r a n a t e  i s  the  rotor  tangential   velocity rela- 
tive to.the  tangential   velocity of the s t a l l  propagation  divided by the 
axial  velocity, and the  abscissa is simply the tangent of the  mean rela- 
t i ve  inlet-air angle p ' ,  The ordinate may also be  expresaed as the  tan- 
gent of-the swirl angle of the asymmetric flow pat te rn   re la t ive   to   the  
rotor.  

For the airfoil analysis,  solutions w e r e -  found fo r  a considerable 
range of phase angles inc1udAn.g zero. In reference 20 Sears aesumed a 
smal l  s w i r l  angle and did not obtain a solution for ze ro  phase  angle; 
but in  reference 22 t h e  s w - l  angle considered was larger, and a solution 
resulted f o r  zero  phase angle. Howeverflhe zero-phase-angle so~ut-ions 
do seem o u m  the  range of t h e  compressor data and consequently a re  of 
l i t t l e  interest .  

The channel-analysis solutlon shown i n  figure 16(b) indicates that 
asymmetric flow  patterns .are possible  for a wider range of conditfons than 
was evident  from  the  airfoil anstlysis. For flow conditions comparable t o  
actual compressor data, asymmetric flow solutiom are possible x i t h  ze ro  
phase lag. . The equation  for  the  phase  angle 6 used in the  channel 
analysis is 

t an  8 = 1 .+ .b2 - kz 
b(b +. k)2 .+ 2k i- b 

where k and b are the same parameter8 used.in  the.airfoil   sl3alysis.  
In the channel-theory  analysis, the  slope of the  pressure-rise c w e  
plays a ro le  analogous to t h a t  of the slope of the lift curve in the  

.- 
f 
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a i r f o i l  theory. The expression for the  slope m of the  pressure-rise 
curve is - 

m 

q- = 1 + (b + k}2 

The curves of the  asymmetric flow patterns  for the  channel theory shown 
i n  figure 16(b) result from simultaneous  solution of equations (4) and 

w w (51. 
52 

Experimental  comparison: xu reference 23, experimental  rotating- 
s ta l l  data from several 'single-stage campressors 'me compared w i t h  the  
resul ts  of Sears'  theory. Both t h e  a i r f o i l  an5 channel  analyses were 
tr ied; however, it was found that, in  using  the  charnel  analysis,  the 
phase angle 6 was consistently  negative. To the authors of reference 
23, a negative phase angle seemed inconsistent with physical  interpreta- 
t ion,  and f o r  this resson t h e  comparison w a s  limited to t h e   a i r f o i l  
analysis, where the compu'ted phase angle A was posit ive  for all the &I 

% The points  in  f igure 17 represent  experimental data superimposed on 
Fr- the  theoretically  derived  curves. The data  points f o r  each stall- 

I 

a' 
w data used. 

propagat ion  ra te   l ie  a long  curves of approximately  constant  phase  angle. 
Furthermore, if the phase angle is plotted  as a function of the st&- 

propagation  rate  diminishes 8s the phase  angle  increases, which s e e m   t o  
be in  accord  with-the gener- accepted mechanism of stall propagation. 
Also apparently involved. in,the  process of s t a l l  propagation is a time 
constant that governs the  propagation rata. The greater the time con- 
stant,   the slower the  propagation  rate. The correlation of phase angle 
and stall-propagation  rate of f igure 18 does  not  permit the prediction 
of stall-propagation  rates,  since  the  phase angle cannot  be  determined 
from design  data. 

- propagation  rate, a correlation exists, as shown by figure 18. The stall- 

Marble theory. - A recent  analysis of rotat ing stall i s  presented  by 
Marble in   reference 24. In this  theory,  an  expression  for the stall- 
propagation rate and the peripheral  extent of the stall  zone is developed. 

Theory: The model emploged i n  the analysis is similar t o  that used 
by S5ars  i n  his  charnel theory, i n   t h a t  the blade row is sinrulated by 
means of an  actuator disk across which pressure  and  fluid  velocity chan@;e 
discontinuously. Using an  actuator disk to represent  the  blade row with- 
out the introduction of a phase  angle  prohibits Marble from introducing 

* i n e r t i a  effects  within  the  blade row. The Stenning analysis demonstrated 
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the  significance of inertia in the blade  pass-age and its effect  on stall- 
propagation  velocity.  Experimental  chars&eristics of s cascade were 
uti l ized  to  prescribe the  change i n  pressure and velocity  across the ac- 
t u t o r  disk. The presswe-rise curve  across the disk (based on experi- 
mental  evidence) was assumed t o  be a linear  function of the  air inlet 
angle for unstalled flow, but f o r  stalled flow the pressure  r ise was as- 
sumed to drq discontinuously t o  zero. In choosing t h i s  diecontinuous 
lift curve, Marble more fully  described  the performance of the channel 
i n  cornpaxison with  the  Sears  linearized lift curve.  Consequently, Marble 
was able to  obtain  solutions f o r  the  peripheral  extent of the stall zone 
as w e l l  as the  stall-propagation  rate. pr) 

. .  

.- -- 
- 

a 
0 m 

The-expression for ' s td l -progagat ion   ra te  d e f e r s  from that of Sears, 
in  that a phase  angle was not included i n  Marble's equation. By consid- 
zring  the  pressure-rise  parameter t o  be a Arnction of the air i n l e t  angle 
and t o  behave RB described, the increased  losses  attending s t d l  were in- 
cluded in the analysis. Mmble simulated the asymmetric flow i n  his 
model by considering a stall zone  of varkble  circumferential width t o  
ex is t   in  the actuator disk.  It was assumed that small-perturbation  theory 
could be applied  to  describe  the  i@luence of rotaking s ta l l  on the ve- 
loc i ty  and pressure. The c o o r d l n a t ~  system used i n  the analysis w a s  
6-elected to rotate at stall ,frequency s o  that the  steady-flow  equations 
would apply. " 1  

In order to describe the flow f i e l d  upstream and downstream of the 
a c t u a m  disk, it wae assumed that the  pressure an& angle pe2turbations 
vanished far upstream and were at-mgqt a constant  value far downs€re.ii.i;- 
When these upstream and downstrEm conditions were known, as w e l l  as the 
pressure-  r ise and flow angle for both the stalled a5 unstalled region of 
the  actuator disk, the problem was  t o   f i n d  a stall zope of suitable s i z e  
and propagation ra te  t o  sat isfy  these flow condttions.  First of all, 
Marble solved t h e  problem f o r  a "simple  cascade, " one in which deviation 
angle remained  constant f o r  a l l  values of incidence  angle. A very simple 
expression f o r  stall-propagation rate and circumferential extent- the 
stall zone was obtained. 

- - 

The equation  for  stall-propagation  speed is 

- =  csc 2p1 
U 

where 

s t ~ - p r o p a g a t i o n  speed 

u axial. velocity 

P1 re la t ive  inlet-air angle . 
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The peripheral  extent of the stall  zone a is given by the follow- 
ing expr e6 s ion: 

c 

w w 
where 

p: relative  inlet-air   angle at stall 

p density 

4* stat ic-pressure  r ise  a t  s t a  

After solving the problem fo r   t he  simple  cascade, a solution w a s  
completed  with  "general  cascade  chmacteristics." For the  general char- 
acterist ics  the  pressure rise across  the  cascade Etnd the  deviatton angle 
are considered  functions of the  incidence  angle. This i s  a more r e a l i s t i c  
representation of an  actual  cascade.  Expressions were developed for the  
staJ.1-propagation rate and the  circumferential  extent of the stall  zone 
that were more complicated than for   the  simple case. %e expression for 
the  stall-propagation rate based on general  cascade  characteristics is 

W 

where a is the   r a t io  of outlet-angle  perturbation t o  inlet-angle per- 
turbation, and pz is the   re la t ive   ou t le t -a i r  angle. 

The peripheral  extent of the  stall  zone a for the  more general 
cascade model is given by 

where b is a constant in the  expression  for pressure rise across  the 
cascade . 

1 

Marble concluded tha t   t he   r a t io  a is generally a small posi t ive 
quantity, and that  variations  in  the  deviation  angle  prescribed by t h e  
"general  cascade  characteristics" would not a l ter  the  stalJ"propsgation - 
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rate predicted from the simple-cascade  equation.  Consequently, variations 
in   the  deviat ion angle do not influence  the  stall-propagation  rate. This 
conclusion  agrees  with  mostrexperimental evidence. Ak 6 s  been  pointed 
out in the  general  discussion of rotating-stall   characterist ics,  etall- 
propagation r a t e  remains  constant  aver a wide range of weight-flow  co@i- 
t ions  in   the stall region. - .  

Experimental  comparison: Because of the  lack of-kclassified ex- 
perimental  rotating-s.tall data, Marble was able  to  use  the  data from only 
one compressor t o  compare the experimental  stall-propagation  rates with 
predictions from his theory.   Stall  data from several E A  single-stage 
compressors  were compared with  prop8gation rate*.: predicted by Marble. 
Included i n - t h e  compirison were data on total-span  rotating-stall  pat- '  
t e rns   in  order t o  resemble more closely  the geometry of t h e   s t a l l  zone 
used i n  Marble's model. Equation (61, which i s  the  solution f o r  the 
simple  cascade, wa6 w e d  t o  calculate t h e  propagation rates. The equa- 
t ion  was modified so that-the  guide-vane  turning and the  stall-propagation- 
r a t e  pmameter of table I could.  he  used. 

The ardinateof   f igure 1 9  is the  absolute  stall-propagation-rate 
parameter, .and the  abscfssa is the  inlet?air-flow  angle computed at the 
mid-radius s ta t ion.  Good agreement was obtained between Marble's pre- 
dicted  propagation  rate and the data from campreslsor 4 of table I(a>, 
but the comparison  with the  other data on the curve w a s  poor. 

AB is  shown in  figure 19, Marble's theory  predicts that, fo r  proper 
inlet  angle and counterrotating guide-vane turning, t h e  stall zones should 
ro t a t e  i n  the oppoeirts direction  (absolutnoordiaate  system)  to  rotor . 

rotation. Experimental evidence. has s h m .  that   th is .  does not OCCLE.. The 
sense of the  stall-zone  rotation is the same for  counterrotating  guide- 
vane turning as for.cnnwdAona1  guide vanes. 

Remarks on e t a l l  theor.%-- In  order t o  campme the resu l t s  of the 
Stenning,  Sews, and Marrhle theories,  the  phase angle fr&mZluced by Sears 
i n  the  channel  theory i s  considered t o  be zero. For this  condition  the 
results show that  the  Sears and Marble theories   are   ident tcal   in   thefr  
expression of propagation rate. A comparable .result  from Stenning 'B 
analysis  indicates that his predicted  propagation rate is  twice that of 
the  other two investigators. 

- "  - 
. -. 

Experimental  evidence shows that the radial extent of the stall 
zones varies  considerablyj  but none of the  existing  theortes include 
radial   effects .  All the  theories  apply t o  a single blade row. There is 
considerable  douit whether €he"theories  can be applied to a eingle  stage 
including guide vane6, rotor,   and.stators,  or whether the  theories can be 
further extended to   t he  more complicated  case of the  multistage  compressor. 

. -  

- 
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INDIVIDUAL BLADE S T A U  

- A type of s ta l l  i n  which all the  blades  around  the compressor annulus 
stall simultaneously,  without  the  occurrence of a stall-propagation mecha- 
nism, has been  observed. The circumstances under-which individual blade 
s ta l l  i s  es tab l i shed   ra ther   than   ro ta tkg  s ta l l  are unknown a t  present. 
It appears t ha t  the sta-5 of a blade row generally  manifests itself i n  
some type of propagating s t a l l -  " . and . that   individual  blade stall is an 
exception. .. 

STALL FLUTIXR 

Dtstinction between S t a l l  and Classical F lu t te r  

B e f o r e  d i scuss ing   f lu t te r ,   the   d i s t inc t ion  between c l a s s i c a l   f l u t t e r  
and s ta l l  f l u t t e r  should  be made c lear .   Class ica l   f lu t te r  is a coupled 
torsional-flexural  vibration  that   occurs when the  free-stream  velocity 
over a wing or airfoil section  reaches a ce r t a in   c r i t i ca l   ve loc i ty .  For 
wings of low frequency, this c r i t i c a l   v e l o c i t y  can  be  calculated. Ac- 
cording t o  reference 25, c l a s s i c a l   f l u t t e r  cannot OCCUT with compressor 
or turbine  blades,   because  the  cri t ical   velocity required would be un- 
reasonably  high. Stall f l u t t e r ,  on the other hand, is a pheno&non t h a t  
has been  explained on the basis of the  behavior of the  l i f t  charac te r i s t ic  
at stall. 

- 
Mechanism  of S t a l l   F l u t t e r  

A t  s ta l l  the lift may decrease  sharply as sham i n  figure 20, where 
a typical  l ift character is t ic  is plo t ted  as a function  of angle of at tack.  
According to   reference 25, the  aerodynamic damping of a blade is  a m c -  
t i o n  of the   par t ia l   der iva t ive  of 1 W t  with  respect   to  angle of attack. 
When th is   der iva t ive  becomes negative, stall f l u t t e r  is  likely t o  take 
place. That is, a reduct ion  in   the aerodynamic~aamgsing allows t he  air- 
stream  to  feed energy into  the  blades and  produce a self-excited 
osci l la t ion.  

Another explanation f o r  s t d l  flutter is presented  inreference 26, 
i n  which the   a i r fo i l   v ib ra t ion  is considered t o  result from a eystem of 

vort ices  i n  t h e   a i r f o i l  wake.  Whenever the  frequency  of  these 
vortices  coincides  with a natural  frequency of the  airfoil, flutter w i l l  
occur. 

r /  / 
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The concept of an  aerodpamic  hysteresis was developed by Studer t o  
show that  energy  could be absorbed from -&he airstream  to promote blade 
vibration  (ref. 21). It-Was hypothesized i n  t h i s  explanation of s t a l l  
f l u t t e r  t ha t  separation at the stall point was delayed u n t i l  the oscil-  
l a t ing  blade reached i ts  position ofmaximum -le of attack, and then the 
nonseparated flaw was not established until the blade  reached i ts  minimum 
angle of attack. The maximum and m i n i m  angles of attack were considered 
t o  be above and below the  s ta l l ing angle of attack,  respectively,  giving 
rise t o  the hyetere6. i~  effect .  

Brief l i t e r a tu re  survey. - The general theory of f l u t t e r ,  even f o r  an 
i so la ted   a i r fo i l   in  a potent ia l  flow, is not a very  elementary  mathematical 
problem. The problem becomes much m o r e .  complicated when f l u t t e r  i n  a 
cascade of a i r f o i l s  i s  considered,  because  the  effects of the geometry of 
the cascade must- be  included i n  the theory  in  order t o  account f o r  the 
interference  effects between the blades. Much of the early work on f l u t -  
ter   theory was devoted t o   a i r f o i h  with but one d e w e  of freedom, a 
tors ional   osci l la t ion  or   vibrat ion.  

However, in  the  type of cascade that more accurately  represents con- 
di t ions  in  a turbine o r  compressor, according t o  reference 27, the e t a l l -  
f l u t t e r  oscillations m y  have a t l e a s t  two degrees of freedom, torsional 
osc i l la t ion  and flexural bending. W e  latter type of flutt-er i s  treated 
in  reference 28. The experimental  observations of such a cascade showed 
that   e i ther  torsional or flexural vibrations w e r e  obtained, depending upon 
the  veloci ty  of t-he-airstream; and the frequencies of each mode w e r e  
pract ical ly   ident ical .  The two  modes of vibration were not  coupled as 
i n  the case of the  c l a s s i ca l   f l u t t e r   fo r  wtngs. !The f l u t t e r   o r  bending 
se l f -exc i te   v ibra t ions  were explained a8 the  resu l t  of variations i n  the 
angle of incidence,-which  in  turn caused the lift fo rce   t o  vary. However, 
the- l s t   fo rce  a l w a y s  lags  the  elastic  force by a phase  angle.  Theforces 
acting on a blade are  shown in figure 21. Whenever the component of the 
fo rce   pa ra l l e l   t o  the damping force exceeds t h e  wing force, a self- 
excited  vibration of the  blade takes place. 

The authors of reference 28 observed that self -induced  virbrations 
occurred whenever the  free-stream velocity  entering  the  cascade reached 
a c r i t i c a l  value. They_.found that-.the_critic-al  velocity  could  be deter- 
mined from & dimensionless velocity  coefficient that was sham to be 61 
function of the geometry of the cascade (stagger angle and -le of 
incidence) and the  angle between t h e . d i r e c t b n  of the  blade  displacement 
and the blade  chord. 

In a more recent paper (ref. 29) only one degree of freedom,  a 
flexural oscil lation, is admitted as a possible mode of s t a l l - f l u t t e r  

ic 

" 
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vibrat ion  in  a two-dimensional  cascade representing compressor  blades. 
A different  interpretation of the mechanism of flexural vibration is also 
presented i n   t h i s  paper. after rather  extensive  experimental  observations, 
it was  concluded that no appreciable changes i n  l i f t  were observed f o r  
varying  positions of the  cascade in  a separated-flow field; consequently, 
no self-excited flexural vibrations  could  be  established by t h i s  mechanism 
as proposed in  reference 28. However, it w a s  observed that ,  when an 
a i r f o i l  is translated i n  separated flow, the  lift force w i l l  feed energy 
into  the  blade and thus  sustain a self'-excited motion. 

Other more mathematically  complicated  treatments of f l u t t e r  i n  cas- 
cades  have  been  considered i n  papers  such as reference 30. Phase dif- 
ferences i n   t h e  mode of the  vibration between the blades i n   t h e   c a s c d e  
are considered  mathematically i n   t h i s  paper. 

Extension of f lu t t e r   t heo ry   t o  compressor blades  brings up a most 
complicated  problem, because not on ly  cascading  effects  but  also  centrifu- 
gal ef fec ts  m u s t  be considered. The cascading or interference  effects on 
f l u t t e r  ere not w e l l  understood f o r  the compressor. 

Experimental  evidence. - Although stall flutter has  been  considered 
t o  be a cause of  compressor blade failure, there is insufficient  experi- 
mental  evidence t o  support t h i s  view. According t o  reference 27, condi- 
t ions where f l u t t e r   e x i s t s  do not  correspond t o  operation a t  high angles 
of incidence and low speed,  the m@e o f  operation  that has caused compres- 
sor b l a h s  t o  fa i l .  The measuremnts  required of rotat ing  r igs   in   order  
t o  investigate  the  possibil i ty of s ta l l  f l u t t e r  are almost  impossible t o  
make with  current  research  techniques. 

CONCWSIONS 

Aerodynamic Aspect 

The stalled operation of a campressor may be  described as the degen- 
eration of  compressor  performance accolqpanied by serious flow separation 
in  the  flow  passages. Three dis t inct ively  different  phenomena may occur 
during stalled operation: (1) rotating s t u ,  (2)  individual  blade stall, 
or (3) stall  f l u t t e r .  The first two  are aeroaynamic effects  and the   t h i rd  
an aeroelastic  effect.  Rotating stall has been found t o  be  the most 
prevalent type of s ta l l  phenomenon. A large amount of data is available 
which demonstrates t ha t  poor  performance of compressors may be  directly 
attributable t o   t h e  occurrence of rotat ing stall. 
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I n  this chapter,   rotating-stall   patterns are cataloged  according t o  
the i r   e f f ec t  an the p ~ f o r m a n c ~ c h a r a c t e r i s t i c  of single-stage compres- 
sors. A progressive  rotating stall is associated  with a smooth continu- 
ous performance charac-krist ic;  md an  abrupt  rotating-stall  pattern, - 

w i t h  a discontinuous-performance  characteristic that is coincident  with 
an  abrupt  drop in compressor pressure. S i m i l a r  types of stall a re  ob- 
served in multistage compressors; however, the   discontinuous^ performance- 
characterist ic for a multistage  unit is definedhere as complete compree- 

much as 50 percent after complete  compressor stall is initiated.  This 
stalling condition is particularly important,  because It determines t h e  
limit-of  useful  operation of the  compressor (the  surge limit or stall 
l i m i t  shown in  f ig .  1). 

s o r - s t a l l .  The pressure  rise across a multistage compressor may drop 8 6  . .. 

With a single  blade row as 8 model, several  theories have been de- 
veloped showing the  existence of asymmetric flow and i n  some cwes  pre- 
dict ing  the  rokzt iE-speed and the  s ize  of the  pattern. %e resullx of 
the  theories  are  in poor  agreement with  experimental data. 

8 
tr) 
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Vibration Aspect 

Although-rotating s t a l l  seems t o  be the most significant cause of f - 

blade  vibration in compressors, it must be  recognized from cascade data - 

t h a t   s t a l l   f l u t t e r  may be a possible  came of blade  vibration. No ex- 
perimental  evidence I s  presently  available  to show tha t  s ta l l  f l u t t e r  
has  been the  cause of' compressor blade  excitation. If the rotat ing-stal l  
frequency  coincides  with  the natural. bending  frequency of the blade.  or a 
harmonic thereof, a resonant  condition wtllresult that  may cause  blade 
fa i lure .  Other possible  causes of blade  vibration  include: (1) resonance 
of the  rotor  blade  frequency  with  the  frequency of wakes *om s ta tors  or 
supporting  struts, and ( 2 )  mechantcal fa i lures   resul t ing from a resonance 
between the  natural  bending  frequency of the blade and transmitted  vibra- 
t ions emanating  from the  gearing or shafta. These effects  are consFdered .. . .. . 

unimportant compared with the problem of ro ta t i rg  stall. 

" 
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Figure Lo. - Variation of flow fluctuation with axhl distance in compreamr 
I at three radii at %-percent design speed (ref. 9 ) .  
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. 
(b) Channel  theory. 

Figure 16. - Predicted  aspmmetric flow patterns  obtained from Sears theory 
of rotating stall. 
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Figure 19. - Comparieon of single-strrge -8taU. data vi th  Marble's theory. 
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Figure 20. - LLft characteristic of an airfoil .  



52 

" 

NACA RM E56B03b . 

/ 
/ 

/Lift component 

Figure 21. - Diagram of forces on blade. 



NACA RM E56B03b 

CHAFlllER X I 1  

53 

COMPRESSOR SURGE '- 1 

m 
'* 
r 

Experimental data indicate t h a t  there me two principal  types of 
surge in compressors: (I) surge  due t o  an abrupt stall ,  and ( 2 )  surge 
due to  progressive stall.. Surge due to  abrupt stall is generally  violent 
and audible, w h e r e a s  that occurring w i t h  progressive stall  is generally 
m i l d  and inaudible. The violent surge obtained i n  jet engines during 
engine  acceleration is identified  as  surge due t o  abrupt stall.  

The effect  of unsteady flm on compressor  performance and l i f e  ex- 
pectancy has become of considerable  interest and importance in the  appli- 
cation of axial-flow compressors t o  jet engines.  Perhaps the most sig- 
nificant  flow  fluctuations are those  associated w i t h  s tall  of blade 
elements  within the compressor. In the past, any audible  flow  fluctuation 
or rumbling noise emanating  from a compressor was loosely defined as 
surge.  Comparatively  recent investigations show that cer ta in  flow fluc- 
tuations are not due to  surge i n  a s t r i c t  sense,  but  are due t o  a phe- 
nomenon ca l led  propagating  or  rotating stall. Rotating s ta l l ,  w h i c h  i s  
discussed i n  detail i n  chapter X I ,  consists of zones of low flow that 
revolve  about  the compressor axis. 

The term surge, as used herein, defines flow fluctuations  dist inctly 
different  from those due to   ro t a t ing  stall.  Surge  involves  fluctuations 
in the  net flow through the compressor; whereas rotat ing s ta l l  consists 
of  low-flow zones revolving  about the  compressor axis', but w i t h  a con- . 
stant  net   or average flow through the compressor. 

T h i s  chapter  presents a aiscussion of surge in axial-flow  compressors. 
Pressure-  and  flow-fluctuation data obtained from surging  compressors are 

t i e s  and jet engines are included. Some theoretical aspects of surge are 
discussed, and a dist inct ion is made between surge due t o  abrupt stall  
and surge clue t o  progressive s ta l l .  The surg ing  compressor is compared 
w i t h  other types of osci l la tors .  

4 presented and discussed. Data obtained from both compressor t e s t  fac i l i -  

c 
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SYMBOLS 

The following symbols are used in  this chapter: 

frequency of flow Fluctuatloas due to   rotat ing stall, cps 
. - .  . . . . . . . . .  -, - . .  

t o t a l  or. stagnation  pressure, lb/sq f% 

decrease in  compressor-discharge total pressure due t o  abrupt 
stall, lb/sq f t  . . . .  

amplitude of ..tott+pressnre -. . .  fluctuation due t o  surge,  lb/sq f t  

air velocity,  ft/sec ...... 

......... - " .,- - . .~ . . . . .  - .. 

w e i g h t  f low,  lb/sec 

equivalent  weight flow, lb/sec 
. . .  . -  

angula;c..spacing o f  hot-wire-anemometer . . .  probes, deg 

r a t i a .  ai? to ta l   p ressure  t o  $ k ' A  standard  sea-level  pressure . . . . .  

. . . . .  ." 

" .. . . . .  

of 2ll6 lb/sq f t  . "- 

r a t i o  of t o t a l  temperature t o  NACA standard sea-level tem- 
perature of 518.1' R 

number of s t a l l  zones In stall pattern 

density, lb/cu f t . . - " ..  . . -  . . . . . .  . . .  
. . . . . .  - . .-  .. 

amplitude of pV f luctuat ion  didded by average pV based on 
average anemometer current  (see ch. XI) 

.. 
" 

Subscripts : 

1 sta t ion  at coqressor  inlet  

2 compressor-discharge s t a t ion  
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STEADY-STATE COMRXESSOR CHARACZEEtISTIC 
8 

Before  considering  the phenomenon of surge,  "steady-state"  or 
"surge-freefr compressor operation  should  be disclussed. Steady-state op- 
eration [sometimes cal led static operation) i s  operation under conditions 
i n  which the  net  flow through the compressor  and the  torque  required  to 
d r i v e  the compressor are constant  for any given  operating  point. From 
this  definit ion,   operation  with  rotating s ta l l  i s  considered a steady- 
state condition.  (Rotating s ta l l  is discussed in d e t a i l   i n  ch. X I . )  Fig- 
ure I shows the range of flow  for  each of s e v e r a l  compressor speeds Over 
which steady-state  operation  occurred i n  a 10-stage  axial-flow  research 
compressor. The shaded meas  .in-dlqate the flow range where rotat ing stall 

* existed. A t  50 percent of design speed, rotat ing s ta l l  occurred  over  the 
en t i re  range of flow from the  surge  point  to  the maximum flow  obtainable. 
The number of zones in the  stall pattern, however, varies from 3 at the  
highest f l o w  a t ta inable   to  7 at the  surge  point. A t  higher  values of rota- 
tional speed, rotat ing s t a l l  existed over only a part  or none of the flow 
range between maximum flow and the  surge  line.  The.-surging  obtained was 
due t o  abrupt stall of the  comgressor, as will be  discussed  later. 

S t d l  may, i n  most cases,  be  classified as either  progressive  or - abrupt  (ch. XI) .  Progressive stall r e s u l t s   i n  a gra&Kl reduction i n  
stage  pressure  ratio and efficiency as the flow is decrease& and gener- 
ally results i n   t h e  formation of a rotat ing-stal l   pat tern  consis t ing of 
more than one s t a l l  zone. The shaded area of figure 1 represents  the 

single- or multistage . . . - compressors . . . . results i n  an abrupt or  apparently dis- 
continuous  drop i n  Compressor pressure rise and efficiency and a "hyster- 
esis"  loop between stall and s t a l l  recovery. A single-zone stdl pattern 
is  associated  with  abrupt stall. 

.. condition of progressive stall in   t he  inlet stages. Abrupt stall i n  

In the  intermediate-speed  range,  the  steady-state performance at'a 
given compressor speed is not always unique. As discussed in chapter 
XIII, s e v e r a l  steady-state performance characterist ics may be  obtained 
at a single compressor speed. 

EXPERIMENTAL IWESTIGATIONS OF SURGE 

c 

On the  bas is of experimental  evidence, t w o  types of surge may be 
distinguished a8 follows: 

(1) Surge  associated  with  discontinuous  compressor  characteristics 
due t o  abrupt stall 

(2) Surge  associated  with  appmently  continuous compressor charac- 
t e r i s t i c s  where blade-row s ta l l  is  progressive  rather  than a;brupt 
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Surge Due t o  Abrupt S t a l l  

10-Stage  subsonic.axial-flow  research compressor; - The investiga- 
tion  reported in  reference 1 was condircXed with a 10-stage  subsonic 
axial-flow  research  compressor. The test  facility  incorporated a large 
inlet tank and a large  receiver at the compressor discharge. The over- ln 
a l l  compressor  performance map showing the: -speed-and-fl&  range where . -; 
rotating stall occurred is presented i n  figure 1. A t  all rotational 
speeds  investigated,  the useful operating flow range was terminated-at 

. . . - -. . . . . - 
- .. 

. .  low flows by a vidlent-%mge;" - . . .  . .  . . . . . . " . -. 

The flow fluctuations  associated  with sur.ge a t  50 percent of design 
speed were investigated  in some &et-ail; t h e  v a i a t i o n  in compressor-Inlet 
and -discharge  tmtal  pressure  and  the  variation in flow r a t e  measured 
behind t h e  first rotor due t o  surge are sham h f igure 2. %e amplitude 
of ..the  compressor-discharge  total-pressme variation (fig.  2(a)) was 75 . .  

percent of the compressor pressure r i s e   a t .   t he .  .surge point-; The varia- -. . 

tion  in  compressor-inlet  stagnation  yressure was somewhat smaller. .The 
compressor-discharge  pressure  recovered to   the  value at  Idxcmre point 
a t  t h e  end of each  surge  pulse. The hot-wire-anemometer signal (flow 
fluctuations,   f ig.  2 )  indica* that the initial drop in compressor- 
discharge  pressure was coincident  with a sha,rp drop in. flow. As t h e  
compressor-discharge  pressure  continued to  decrease, however, the flow 
increased and exceeded its value at t h e  beginning of the  surge  pulse. 

" 

A 
L 

i . .  

The flow is m a x i m u m  when the compressor-discharge  pressure is  
minimum.  The recording  oscillograph  used t o  obtain the  oscillogram re- 
produced i n  figure 2 waB not capable of recording  frequencies  greater 
than  about 90 cps.  Consequently,  these  oscillograms  indicate only  the 
low-frequency components of the  variation i n  flow and pressure dur- 
surging  operation. 

The flow  fluctuations that occurred  during a surge  pulse  are shown 
i n  much greater detail i n  figure 3. The oscillograms shown ( f i l m  s t r i p s )  
were obtained from hot-wire-anemometer signale recorded from a dual-beam 
direct-coupled  cathode-ray  oscilloacope  (signal f i l tered t o  pass  f re-  
quencies from 0 t o  10,000 cps).  Signals from anemometer probes installed 
behind the  third,  seventh, and tenth  s ta tors   are  shown along  with  the 
signal from an anemometer probe instal led behind the f i r s t  rotor.  A 
rotating-stall   pattern  with a single s t a l l  zone is shown at all four 
axial stations at the beginninn of the  eurge  pulse. As pointed  out in .. 
chapter X I ,  single-zone  rotating s ta l l  is  typical  of abrupt stall. A s  
the flow was reduced  followirrg the  formation of the  single- zone s ta l l  
pattern,  the s ta l l  zone evidently  spread  to  cover  the complete  annulus of 

.- . 

- 
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the  compressor. Stall-zone  spreading t o  cover the  complete  annulus dur- 

tained from several  Jet  engines and  from other compressors operating in 
compressor test fac i l i t i es   ind ica te  that the  single-zone  rotating-stall 
pattern  usually exists up t o   t h e  time of s t a l l  recovery. S t a l l  recovery 
resu l ted   in  a marked increase in flow followed by a compazatively gradual 
reduction. As the flow w a s  reduced  following stall recovery,  the first 
stall pattern  indicated on the oscillogram was  the  one consisting  of three 
s ta l l  zones.  Although not shown i n  figure 3, the  s ta l l  patterns  with 
four,  five, and six stall  zones appeazed in  succession as the flaw was 
furtherreduced. Just before  abrupt s t a l l  (end of one surge  pulse and 
beginning of next),  the s ta l l  pattern  with  seven stall zones was indi- 
cated (fig. 3). The stall patterns  obtained after s t d l  recovery  (wefght 
flow  decreasing) were the same as those  obtained  during  steady-state 
operation (fig. 1). Abrupt s ta l l  without  surge was  not obtained  during 
this  investigation. 

.. ing  surge, as noted in   this   invest igat ion,  is not  typical.  Surge  data ob- 

16-Stage  subsonic  axial-flow  compressor. - The t e s t   f a c i l i t y  used 
for   the  invest igat ion of the  16-stage  subsonic  axial-flow compressor 
w a s  similar t o  that used for  the  10-stage compressor. A large  inlet   tank 
was used a t  the compressor inlet. The construction of the  receiver at 
the compressor discharge  permitted  the  installation of flow-control de- 
vices   ( throt t les)  at two s ta t ions.  The thro t t le   c lose  to t h e  compressor 
permitted  operation  with a s m a l l  receiver volume, and t he   t h ro t t l e  some- 
what downstream of the  comgressor permitted  operation  with a much larger 
effective  receiver volume.  The large  receiver volume w a s  approximately 
9 times tha t  of the small receiver volume. 

A violent  audible  surge w a s  obtained a t  d l  compressor  speeds  from 
30-percent  design t o  design  speed when the  lazge  receiver volume 
was used.  Figure 4 is an oficillogram showing the  var ia t ion i n  t o t a l  
pressure at the compressor inlet and discharge  during  surging  operation 
with  the  large  receiver volume at 50 percent of design  speed. The surge 
frequency w a s  about 1 cps. The compressor-dischasge  pressure  reduction 
during the  surge was about 40 percent of the compressor pressure rise a t  
the  surge  point. , The inlet"pressure  increased  about 8 percent  during a 
surge  pulse.  Rotating s ta l l  is indicated on the  oscillogrms  during  the 
t i m e  interval in which the  compressor-discharge  pressure is decreasing. 
The rotating s t a l l  is, however,  shown much bet ter  by the hot-wire- 
anemometer t race i n  figure 5. The oscillogram shown in figure 5 was a l s o  
obtained  during  surging  operation a t  50 percent of design  speed. The 
surge  frequency, however, w a s  1.6 cps at the time the  oscillogram was  ob- 
tained. &e rotating-stall   pattern  contained one stall zone and uas ro- 

* tat ing  about  the compressor axis in   the   d i rec t ion  of rotor   rotat ion (ab- 
solute frame of reference) at about 45 percent of compressor speed. 

The pressure and  flow  fluctuations due to surge  obtained  with the 

the 10-stage compressor. The surge pulse was initiated by the formation . 
- 16-stage axial-flow compressor me quite similar t o  those obtained with 
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of a single-zone rotat ing-stdl   pat tern;  but, unlike  that  of the 10- 
stage compressor, the stall pat tern  pers is ted  unt i l  stall recovery w m  
effected.  Actually,  the  persistence of the  single-zone  rotating-stall 
pat tern,   unt i l  stall recovery  occurs, is fa i r ly   typ ica l  of-compressors 
surging i n  jet engines. .. . 

When tk-compressor was operated  with..the  small  receiver volume, 
audible  surge W s  not  obtained a t  50 percent  of-design  speed.  Instead, 
abrupt s ta l l  was obtained as shown  by the oscillogram in figure 6. The 
rotating-stall  pattern  obtained i s  the same as .that  indicated  during  the 
surg ing  operatio.n.yhen  the  large  receiver volume was used. llzle decrease 
i n  compressor-discharge  .pressure due t o  abrupt s t a l l  was. approximately 
the same as  the  amplitude of the compressor- .di ickge-~ressure oscil la- 
tion due t o  surge  (fig. 4). The compressor-inlet and -discharge  pres- 
sures  increased  gradually  following s ta l l  b e c a u e   o f - t h e  flow reduction 
through the  inlet th ro t t le .  The compressor pressure  ratio following 
abrupt stall  was essentially  constant. Aud%ble surge was not obtains 
when the small receiver volume was used,  presumably because s t a l l  recov- 
ery  did not occur  during  the flow transient caused by abrupt stall .  The 
reduced  receiver volume resulted - i n  a more rapid  adfustment in receiver 
pressure  following s t a l l  and  c.onsequently smaller osci l la t ions  in  net 
flow. It is  o f  i n t e re s t   t o  note  that, althoi&i .audible-surge due to- cy- 
c l i c   s t a l l  and stall  recovery was not obtained wfien the small receiver 
volume was used, stalled operation w a s  not  completely stable. A dl& 
inaudible  surge  .with a frequency o f .  approximately 5 cps was  indicated 
(fig. 6) .  The amplitude o m e s e  mild surge oscil lations appeared to 
vary in  a somewhak  random fashion. 

.. . . . . -_ -. - . . . - . 

Operation at 30 percent of design  speed  with  the  large  receiver vol- 
ume resulted in  -errnittent  abrupt s ta l l  and surge,  as shown in   f igure  7. 
The oscillogram w a s  obtained  with a fixed  sett ing of both  the  inlet and 
discharge  throttlea. U e  the cmpres6qr.repained  staved, a single- 
zone rotating stall with a frequency of about 14 cps was indicated. The 
stall  zone was ro ta t ing   a t  approximately 45 percent of compresaor speed. 
Also, during stalled operatiana-mild  inaudible  surge was indicated on 
t h e  oscillogram. The mild sWge frequency,  about 2 c s ,  was somewhat- 
less  than that  obtained  with  stalled  operation .at 50 percent of design 
speed (fig.  61, where the mild-surge  frequency was. about 5 cps. 

According to  reference 2, the  frequency of surge  should  be  propor- 
t ional   to   the  reciprocal  of the s q w e  root ctf .the  receiver volume. . The 
large  receiver volume was anrox-tely 9 times that  of the small 
receiver volume. Then, according to  refFe.nce"2,-  the  surge  frequency 
with  the small receiver vo1ume.woul.d be approximately 3 times that with 
the large receiver volume. This is in agreanrsnt with mild-eurge dak.  
The surge data obtained for.  the  16-stage Gial-flow compreseor demon- 
strate that surge may or may not resul t  from abrupt stall,  depending on 
the volum&of the  receiver  into which the compressor is discharging. Ih 
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addition,  the  data  demonstrate that, with a given  receiver volume, surge 
due t o  abrupt stall is more l i k e l y   t o  occur at high than a t  low compres- 
sor speeds. Ln many cases,  abrupt s ta l l  i s  obtained  without  surge  as 
defined  herein  (e.g., refs. 3 and 4) .  But, for  high-pressure-ratio com- 
pressors,  surge due t o  abrupt stall is cornon in compressor tes t  f a c i l i -  
ties and i n   j e t  engines. 

. 

Surge i n   j e t  engines. - Surge i n  the compressor component of a j e t  
engine is much tile same as  surge  obtained  with  the  16-stage  axial-flow 
compressor operating in a t e s t   f a c i l i t y .  The principal difference is 
that the  surge  frequency i n  a j e t  engine is generally somewhat greater 
(5 t o  15 cps)  than  that   for  the same compressor operating  in a t e s t  fa- 
c i l i t y .  The surge  frequency in a j e t  engine is increased  mainly  because 
the volume of jet-engine combustors is somewhat smaller than  that  of the  
receivers used i n  conpressor test  f a c i l i t i e s .  

An experimental  investigation of stall  and  surge i n  a jet engine is 
reported i n  reference 5. Surge was obtained by subjecting  the  engine t o  
a step  increase in  fuel  f low. For the  particular  Jet  engine used in   t he  

rotational speeds where the  pressure drop due t o  stall w a s  greater  than 
1 6  percent of the  pressure  r ise   a t   the   s ta l l   point .  The pressure  ratio . at which s ta l l  occurred is. re fer red   to  as the   cr i t ical   pressure i n  ref- 
erence 5. Figure 8, taken from reference 5, shows the  pressure-ratio 
oscil lations due t o  surge  obtained by step  increases i n  fuel flow at com- 
pressor  speeds of 72.8 and 78 percent of design  speed. Also shown are  

and the  steady-state  or  equilibrium  operating  line. The sequence of 
events following the  increase Tn f u e l  flow w a a  as follows: The 
compressor-discharge  pressure  increased until the s t a l l  poLnt w a s  reached. 
Several  cycles of surge  occurred,  and  then  surging  ceased and the com- 
pressor  remained stalled. The engine  speed  increased  even  though  surging 
occurred.  -Whenthe compressor quit  surging and was operating stalled, the 
r a t e  of speed  increase  (acceleration) was markedly reduced. 

B 
0) investigation,  surge  occurred as a result of abrupt s ta l l  at compressor 

B 
I 

Q Fr 

- the  pressure  ratio a t  the stall point,  the  pressure  ratio after stal l ,  

During surge  investigations  in je t  engines it has  been noted tha t  
surge does not, in all cases,  begin  immediately after the stall point i s  
reached. In some cases,  surging  does  not b e g h   u n t i l  after the compressor 
has operated i n  a stalled condition  (abrupt stall)  for  a short time and 
the  engine  speed has increased somewhat. 

Surge Due t o  Progressive  Stall 

Surge  due t o  progressive stall involves flow  fluctuations in the  
flow range of the  compressor map where there are no apparent  abrupt 
changes in   pressure  ra t io  due t o  s ta l l .  Progressive stall may occur at 
flows  greater or- less than  that  .. a t  which abrupt stall  occurs.  Surge 
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associated  with  progressive s t a l l  is generally-gGite m-lld c.ompiared with 
surge  caused by abrupt s t a l l .  Mild surge  obtaind.during  s ta l led opera- 
t ion of the  16-stage  axial-flaw compressor .is -6h" i n  figures 6 and 7. 
The amplitude of the  compressor-dischasge  total-pressure  fluctuations 
tha t  occurred dirring mild surge is from 15 t o  20 percent. of that for 
surge due t o  abrupt stall .  

. .. . 

Mild inaudible  surge is sometimes observed in single-stage compres- 
sors  operatfng  new  the peak of the  characterist ic curve. In these cases, 
a partial-span  rotating-stall   pattern is generally assocAated  with bhe 
surge. The amplitude of the FLOW fluctuation due t o  rotating stall va" 
ies  as  the  net  f l o w  rate varies. An example. of-t,g type of surgeob- 
tained  with a sin@;le-stage.  compressor i.s shown in   f igure  9 (taken from 
ref. 6 ) .  The s ta l l  pattern  obtained  contained  eight s t a l l  zones,  and the  
flow-fluctuation  frequency due t o  the s ta i l  pattern was 1420 cps. The 
surge  frequency was from 10 t o  15 cps. The amplitude oFthe  flow fluc- 
t ua t ions   o r ro t a t ing   s t a l l  is greatest when the  net f-low is minimum and 
smallest when the net f l o w  r a t e  is maximum. The amplitude of the  net 
flow variation due -h surge shown in figure 9 was estimated to be 10 per- 
cent of the  average flow rate.  .The  amplitude. of the  surge  fluctuations, 
however, increased and -decreas-ed in a somewhat  random fashion similar t o  
the m i l d  surge shown i n  figures 6 and 7. 

Although a rotat ing-stal l   pat tern is generally  presentduring all 
or  part of the surge cycle,. mild inaud-iblesurge without r o t a t i n g   s t a l l  
has  been  observed i n  single-stage compressors. l?resumabl.y, individual.  
blade s t a l l  had occurred  without  rotating ,tali. (See ch. XI for d i s -  . 
cussion of individual  blade stall .)  Other -examples of mild  surge  are 
reported  in  references 2 and 7. 
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TBE-ICAL INPESTEATIOFE OF SURGE 

Theories of surge have been primarily concerned nith  the  question of 
t h e   s t a b i l i t y   o f t h e  flow through the compressor  and the system in which 
it is operating. The complexity of the flow system associated w i t h  the-  
compressor considered i n  the  theories has varied  considerably. The analy- 
sis in  reference 8 involves a relatively  simple system consisting of an 
i n l e t  thrott-le f o r  controYing  the flow and an in l e t  duct or t a n k  f o l -  
lowed by the compressCir. . Reference 2 .  consi fers  a somewhat more complete". 
system  consisting of an inlet  duct and  an in l e t  tank followed by the com- 
p r w o r ,  which discharges into a-discharge tank or receiver  connected t o  
an exit  duct. The analysis  gres.ented in reference 9 is somewhat  more - 

complex than those jpreEented i n  reerences  2 or  8, i n   t ha t   t he   i ne r t i a  
and capacitance  effects of each  stage of a multistage cbmgressor are 
considered. 

-. - . - ." ..- . "" - .- ". . -  
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The analysis of the   s tab i l i ty  of an  operating  point of the compres- 
sor i n  equilibrium  with a flow  system  involves set t ing up l inear   differ-  

system. The s t ab i l i t y  of the system may be  determined  without actually 
solving  the  differential  equations by use of the method of Routh (see 
ref. 10 or 11, e.g.). 

d entia1  equations i n  an approximate way to   descr ibe  the dynamics of the 

In general, the conclusions drawn as a result of a l l  surge  analyses 
w 
(rr 

cn. 

me  essent ia l ly   the  same:  The system becomes unstable a t  compressor 

or  sl ightly  posit ive.  When the system is unstable,  the  system dmq- 
ing i s  negative, so tha t  any small disturbances w i l l  grow i n  amplitude. 
A point o f  c r i t i c a l   s t a b i l i t y  has no damping. As the  flow  varies, how- 
ever,  the  system damping also  varies.  That is, the system damping de- 
pends on the  slope of the  compressor chwacter is t ic  at the  instantaneous 
operating  point  during  the p low fluctuation. As a conaequence,,the linear 
theory  used t o  determine the   s t ab i l i t y  no longer applies after the ampli- 
tude of the  flow fluctuations becomes f i n i t e .  Surge occus   as  a resu l t  
of the   ins tab i l i ty  if the  nonlinearities of the system me such as cause 
osci l la t ions  to  grow in amplitude until some limiting  stable  value of 
steady-state  oscillations  occurs. The resulting  cycle of oscil lations 
is called  the  "limit  cycle" (e. g., ref. 11) . So far as is known, there 

of the problem. It seems evident, however, that the flow oscil lations 
that result from  an ins tab i l i ty  w i l l  depend t o  a great  extent on the 
shape of the compressor characterist ic.  That is, the  var ia t ion i n  the 

less  than that a t  an unstable  operating  point,  probably  constitutes the 
principal  nonlinearity of the system. 

nJ operating  points where the slope of the compressor characterist ic is zero 

c are no published  analyses of surge that consider  the  nonlinear  aspects 

- slope of the compressor characterist ic with flow, at flaws greater and 

In chapter X I  compressor characterist ics are c lass i f ied  as ei ther  
continuous  or  discontinuous , depending on whether stall- occurred i n  a 
gradual or progressive manner or abruptly. It Beems approprfate  to 
classify  surge in a ~imfi& Way.. That is, surge m y  occur  because of 
the  discontinuous  decrease i n  pressure r a t i o  due t o  abrupt stall, or be- 
cause of an imtab i l i t y   r e su l t i ng  from a gradual  reduction i n  campressor 
pressure  ratio due t o  progressive stall. 

Surge Due t o  Abrupt S t a l l  

Surge due t o  abrupt s t a l l  may be described in a qual i ta t ive manner 
with  the  aid of f igure 10. The compressor s t a t i c  o r  steady-state char- 
acteristic is  represented by the   so l id  line. The thrott le  chazacteris-  

ac t e r i s t i c  curve at points A and B. Point C i s  the stall recovery  point. 
The compressor Ls operating at point A (the st8J-l point). Point B is a 
possible  stable  operating  point.  Point A is unstable,  because a smal l  

* t i c  i s  represented by the dashed l i n e  which crosses  the compressor char- 

c 
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reduction i n  flow w i l l  cause the compressor to s t a l l  an3  immediately  be- 
cornsincapable of producing a discharge pressure equal t o  that in   the  
receiver. If the  receiver volume were infinite,   the  direction offlow 
through the compressor would-  r%.e+e a f t ~ ~ . s ~ ~ & I . . . .  -w.d..steady backflow 
would occur  with  operation at point D. If the  receiver__vplWe w e r e  very 
small, i ts   pressure w0ula .adJGt-T quickiy-.&itF& s t a  t o  tbt which 
the compressor i s  capable of producing, and operation would instantane- 
ously come t o  equilibrium at point B. 

" 

L 
. . . . . . . . 

" 

In any  compressor iastaUdstian  the  receiver volume would be  neither 
large enough t o  permit  steady  operation at point D nor small enough t o .  
cause equilibrium  -to-be  established  instantaneously at point B. In the 
practicalcase,  then,  the  pressure and fldw fluctu&tiona-may follow paths 
depicted  in  figure 10 a6 surge m abrupt - , . . .. - stall .  ."j- ". " For L :. the . . case of abrupt 
stall ,  the  receiver~~~res6i.n-e and flow may follow the  path  .indicated. 
After a few damped oscil lations i n  pressure and flow (indicated by the 
spiral  path),  the  system comes to   equi l ibr ie-   a t_ .point  Bi .-however, 
the flow osci l la t ioG"  i re-  suffT&Len&ly l&ge- to exceed the  value  requlred 
for  s t a l l  recovery  (point C ) ,  equilibrium WilL not  be  established a t  
point B. Instead, s ta l l  recovery will occur and result i n  an increase... 
i n  flow  followed by- a gradui1"increase in  recei%-.press&e- and  decrease 
i n  flow.  Following s ta l l  .recovey, . the  system  t-&ds h a r d  equ.ilibriuq 
at"p-oslnt A. S t a l l  wil l  occuYagairi, and the -cycle"(cailed-  the lm-t ;-. 

cycle) w i l l  be repea-6 .as" Wi-cated- h- Yigure 10. Surging will cease 
i f  t he   t h ro t t l e  is opened ( thro t t le  curve moved to   the   r igh t  i n  fig. LO) 
sufficiently  to  prevent -s ta l l  from occurrin&  during  the flow transient 
following stall recovery.  Similarly, s u r g i n g  -Ril l  cease if the   throt t le  
i s  closed  (throttle c m e  moved t o  the left in.fi$.- 10) sufficiently so 
that s t a l l  recovery-&es iiot . O C & k  aiming the fl- transient  following. 
s t a l l .  If equilibrium i s  a t ab l i shed  on the   s ta l led branch of the com- 
pressor c h a r a c t e r i s t i c  and the   th ro t t le  is then opened so that the- throt-  
t l e   charackr i s t ic -passes  through  the s . t a l l  recovery  point C, the situa- 
tion is qufte similar to  that  with  operation  at  the s ta l l  point. A small 
dbturbance i n  the flow may cause s ta l l  recovery, and a surge  cycle may 
be established similar t o  that-which  occurs with the  thrott le  character-  
i s t i c  passing  through  the  stall.  point.  Equilibrium  operation..after  stall 
is not always  comple€ely stable. Mild surge niay occur after abrupt s ta l l  
has  occurred (fige. 5ahd 7 ) .  The flow.fluctuations of mild surge may, i n  
some cases, become suff ic ient ly   large  to  cause- s t a l l  recovery, as indi- 
cated by the oscilJ-o@am shown in f igure 7. 
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Surge Due t o  Progreesive S t a l l  

Mild surge  due td progressive stall wm.be..diBcGsed -in conjunction 
with figure ll. .The sol id  curve is the compressor characteristic, and the 
dashed curve is the  thrott le  characterist ic,  which crosse8  the compressor 
characterist ic at the  highest flow at which the system is c r i t i ca l ly  
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stable .  That is, small oscillations  about the intersect  ion  point are 

larger  QosFtively  at   f lows  less than point A, t he  Clamping becomes lazger 
negatively-=  the flow is reduced a f i n i t e  amount. If the  flow j s c r e a ~ e s  
to a value greater  than that at point A, the  slope of the compressor 
character is t ic  becomes negative and the  system damping  becomes positive. 
As a consequence of the vmia t ion  of the system danrping with compressor 
flow, any s m a l l  distwbance w i l l  grow in amplitude, as indicated  by the 
spiral path from point A, until   the  effective  or  average damping of the 

limit cycle.  Rotating s ta l l  may exist during all or par t  of the  surge 
cycle  (fig. 9 ) .  Presumably, surge could  occur at any compressor operat- 
ing point where the system damping is  nes t ive ,   s ince  the flow is un- 
stable there.  

. undamped. kasmuch as the slope of the compressor charscter is t ic  becomes 

w 
CN 
UI 
Po cycle vani'shes (see ref. 11). The resul t ing cycle of osc i l la t ion  i s  the  

As pointed  out i n  the section on experimental  investigations, most 
data obtained w i t h  surge associated with progressive stall indicate a 
m u d  inaudible surge. Although the re la t ion  between the shape of the 
compressor character is t ic  and t h e   W l i t u d e  of the flow fluctuations of 
surge has not been established, it seem quite  Likely that surge with 
progressive stall may, i n  some cases, become quite  violent.  In fact, if 

fo r  abrupt stall. 
t the damping is sufficiently  negative, the s i tua t ion  is not unlike that 

Comparison of Compressor Surge with Other Oscillatory Phenomena - 
Although surge i n  compressors is very d e s i r a b l e ,  there are many 

technologically useful devices that u t i l i ze   o sc i l l a to ry  phenomena. Since 
much of t h e  theory of nonlinear ef fec ts  has been  developed through the . 
study of osci l la tors ,  it seems appropriate  to  apply some of concepts and 
terminology  used' i n  oscil lator  theory  to  explain compressor surge. 

According to   re fe rence  11, there are two pr incipal  kinds of o s c u -  
lators,  feedback and relaxation osc i l la tors .  A l l  osc i l la tors  depend for 
their  operation on sone nonlinear  action, and feedback and relaxation 
0scFLLa;tors are dis t ingukhed by the  type of n o n l h e m i t y   u t i l i z e d  to 
control the amplitude of the  oscil lations.   Relaxation  oscil lators oper- 
ate by virtue of some discontirruous or quasi-discontinuous  effect. Cer- 
t a in   t r i gge r   c i r cu i t s  used with relaxat ion  osci l la tors  a r e  discussed i n  
reference 12. The effects  of the discontinuous  steady-state compressor 
character is t ic  are evidently analogous t o  those of the t r igge r   c i r cu i t s  
used w i t h  re laxat ion  osci l la tors .  Consequently, it seems justifiable t o  
r e fe r   t o  surge associated w i t h  abrupt stall as a relaxat ion  osci l la t ion.  
Similarly, it. seems j u s t i f i a b l e   t o  refer t o  surge associated with pro- 
gressive s ta l l  as feedback-type  oscillations. Progresaive stall results 
in a progressive  nonlinearity. The theoretical  treatment of compressor 
surge could undoubtedly be enhanced by use of the theory of nonlinear 
systems. 
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SuPlpilARY OF RESULTS 

A survey of available data obtained from surging  compressors Lndi- 
cates  that  there are  two principal t n e s  of surge: (3) surge  due t o  
abrupe stall, which is  generally a violent  audible  surge, and (2)  surge 
due- t o  progressive stall, which i s  generally a mild  inaudible surge de- 
tectable  by use of fast-response  instnunentation. The violent surge ob- 
ta ined  in  je t  engfnes  during engine acceleration is identified aa surge 
due to- abrupt stall. 
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rotating stall occurred in u)-stage subsonic Sjd-d-fm research co?npressor 
(ref- 1). 
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(a) Upper trace behind f i r s t   r o to r ;  lower trace behind t h i r d  s ta tor .  Angle between probes, 64.6'. 
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Figure 3. - Oscillog~a~c of surge a t  various axial statim in 15-atane axial-flow c m e s s o r   a t  
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(bPB,ge)l/P1, 0.085 (ref. 6 ) .  
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Figure 5. - Hot-wire-anemometer mcillogmm of flov fluctuations during mild imudible surge of single- 

atage cqresaor  vlth hub-tip ratio of 0.8 at 70 percent of design a p e d  (ref. 6 ) .  
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Figure 11. - Flow and pressure fluctuations due to S u r g e  associated 
with progressive stall. 
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COMPRESSOR OPERATION WITH ONE OR MORF: BLADE ROMS STAILED 

By W i l l i a m  A. Benser 

S m Y  

An analysis of the  part-speed  operating problems of high-pressure- 
ratio  multistage a x i a l - f l o w  compressors was ms.de by  means of a  simplified 
stage-stacking  study. The principal problems considered were poor low- 
speed efficiency,  multiple-valued performance characterist ics at in te r -  
mediate  speeds, and poor  intermediate-speed  compressor  surge o r  stall- 
limit characterist ics.  The analysis  indicated that dl these problems 
could be at t r ibuted  to   discont inui t ies   in  the performance charracteristics 
of the front  stages. Such discontinuities can be due t o  the type of stage 
stall o r  t o  a deterioration of stage performance result ing fram stall  of 
adjacent  stages. 

%e ef fec ts  of  compromises of stage matching to   favor  p&-speed op- 
. eration were d s o  considered. This phase of the study  fndicated that such 

ccrmpramises  would severely  reduce the cmlete-courpressor-stall .=gin. 
Furthermore, the low-speed stage stall problem i s  transferred fram the i n -  
l e t   s t ages   t o  the ,middle stages, which are more susceptible to  abrupt- 
stall characterist ics.  

The analysis  indicates that inlet stages having continuous  perform- 
ance characterist ics at their stall  points me desirable with respect t o  
pe,rt-speed  campressor  performance. These charactertst ics must, however, 
be obtained when the stages me  operat ing  in  the flow  environment of the 
multistage compressor. Alleviation of p&t-speed operational problems 
may also be obtalned by improvenent in either  stage f l o w  range o r  stage- 
loading m a n .  

The results of this analyais me only  quaLitative. The trends ob- 
tained, however, are i n  agreemnt with those  obtained  fram  experimental 
studies of high-pressure-ratio  .multistage a x i a l - f l o w  canpressors,  and the 
results a re  valuable i n  developing an understanding of the off-design 
problem. In  addition to these  stage-matching studies, a general dis-  
cussion of variable-geometry  features such as a i r  bleed and adjustable 

0 blades is  Fncluded. 
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INTRODUCTION 

High-pressure-ratio  multistage axial-floy carppressors. frequently 
exhibit  extremely l o w  efficienciea and severe  blade-vibration  problem 
at intermediate and low rotational  speeds.  In  addition, such compBsors 
may exhibit a sharp  dip  or  kink  in the  surge or s ta l l - l imi t   l ine  at In t e r -  
mediate rotational  speeds,   so-that the attainable  preseure  ratios i n  t h i s  
speed  range are severely  limited.  Multiple performance characterist ics 
have also been observed in t h i s  intermediate-speed  range.  Operation 
such as engine  acceleration and high Mach  number fl ight  requires that 
the compressor  component.of the  engine  operate  satisfactorily  in  the 
low- and interrnediate-speed..ranges. In-arder fm . a l l e v i a t e  these part- 
speed campressor  problems, 811 understanding of the flow mechanism that 
causes poor p a r h p e e d  performance is required. Such variable-geometry 
features as adjustable  guide vanes o r  compressor a i r  bleed may solve 
Eome part-speed  opemting  problems, but sgtisfactory  application of 
such features  alao depends on a knowledge o r  the flow mechanism. 

I 

.. 

CN 
cn 

.. 

A s  indicated by the.-stage-matching  analyeis of reference 1, the  fun- 
damental diff icul ty  of low-speed operation results from s ta l l ing  of the 
front  stages of the compressor. As campressor  speed i s  decreased,  the 
densi ty   ra t io  across the compressor decreases  rapidly; and at low values 
of density  ratio the small flow area of the  rear  stages  seriously  Hmite 
the  flow.through..the compressor. Thus, the inlet stages are forced  to  
operate at flaws w e l l  below their stall limits. These trends have  been 
verifled  experimentally. For example, reference 2 indicated  f irst-stage 
stall  f o r  speeds below 80 percent.of design speed,  and reference 3 indi-  
cated  f irst-stage stall  f o r  speeds below 70 percent of design  speed. It 
should be noted tha t  this mis.matching of the  front and rear stages of the 
campressor a t  low speeds will, i n  general, be m o r e  severe f o r  high- 
pressure-ratio than f o r  low-pressure-ratio.ccjurpressors.-. A fur ther  
indication as im the  source of the  part-spe& problera  can be  obtained- 
from chapter X I ,  which shows that rotating stall i s  the prevalent  type 
of stage stall, and that   rotat ing s ta l l  originating  in  the f i rs t  stage 
of a multistage  colqressor  re.sulta i n  flow fluctuations that extend 
completely  through the compressor. The flow fluctuations of rotating 
s ta l l  are  also a serious  source-  of conrpressor blade  vibrations  (ch. XI). 

W 

I .. 

A s  pointed  out i n  chapter XII, ierious.-compressor  surge i s  a r e s u t  
of a discontinuity in the compressor  performance characterist ics.  T h i s -  
discontinuity of performance may resu l t  from the  abrupt  type 02 atage 
stall discussed Fn Chapter X I  o r  from a de%-eioraliion of the performance 
of several  stages as a result of the flow fluctuations imposed-by the  in- 
stigation  of.  rotating s t a l l  i n  the inlet stage. Tlae dip or ldnk i n  the 
surge-limit line of a 16-stage  resemch campressor (ref. 2) was at t r ibuted 
t o  these interaction  effects or to   deter iorat ion of performance of several 
stages as a result of s ta l l  of the   in le t  stage. 

. 

- 
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The existence  of  multiple-valued  performance characterist ics i s  shown 

i n  reference 4, which presents data sharing three separate and d is t inc t  
performance  curves f o r  a three-stage axial-flaw compressor operating a t  a 
constant  value of rotatiunal  speed. Tests of a high-pressure-ratio multi- 
stage compressor ( ref .  5) show the existence of six separate performance 
characterist ic curves f o r  a rotat ional  speed of approximately 75 percent 
of the design  value. Hot-wire-anemometer data taken during this iwesti- 
gation  indicate a correlation between  compressor  performance and the num- 
ber of s ta l l  zones i n  the rotat ing-stal l   pat tern.  

0 

w w 
VI 
4 It i s  evident that the problems  of  poor part-speed efficiency, com- 

pressor blade vibration,  intermediate-speed  surge  or stall limit, and 
multiple-valued  performance  characteristics of high-pressure-ratio multi- 
stage axial-flaw compressors are all related to   ro t a t ing  stall  and the 
attendant  interactions  or  deteriorations of stage performance due to un- 
steady  flow. The experimental  approach does not yield a complete under- 
standing of the general  part-speed  performance p r o b l e m ,  because the in- 
herent performance of each stage i s  not easily obtained,  particularly  in 
the range  of speeds and flows w h e r e  rotat ing stall  exists i n  the compres- 
sor.  Furthermore, the range  of stage operation that can be studied ex- 
perimentally is  limited because of  compressor surge.  Therefore, t o  ob- 
t a i n  a qualitative  evaluation of the effects of s tage  s ta l l ing chazacter- 

performance  problem, a simplified stage-stacking  study w a s  made. The 
basic  hypothetical compressor  considered w a s  a 12-stage  unit with an  over- 
all pressure  ratio of 7.75. The stage performance characterist ics used 

t o  those  obtained from single-stage  compressors.  Interaction  effects 
were evaluated by arbitrary ,modification of the assumed stage performance 
curves. The f i rs t  three cases  considered  herein (repeated from refs. 6 
and 7) concern  various  severities of interaction  effects.  The last two 
cases considered.  evaluate the effect  of compramises of stage matching t o  
favor  part-speed  performance as suggested i n  reference 1. When possible, 
the results of these studies are campared with experimental data. 

. i s t i c s  and  of stage  interactions on the general  part-speed  compressor 

c i n  the computation  of  multistage  performance w e r e  assuwd  to  be similar 

Because of the assumptions made i n  regad  to stage performance  char- 
acteristics and stage  interaction effects and  because of the simplified 
stacking  technique  used, the computed values of  compressor  performance 
must be considered on ly  as qualitative  values. The general  trends, haw- 
ever, are valuable in   obtaining an understanding of the part-speed effi- 
ciency problem, the intermediate-speed  surge o r  stall. problem, and the 
multiple-valued  performance characteristic problem of high-pressure-ratio 
axial-flow  canpressors. An indication of desirable types of stage per- 
formance characterist ics i s  obtained; and, i n  ad-dition, this analysis  in- 
dicates same of the factors  that must be evaluated if accurate  performance 
predictions are t o  be obtained  for the range of  compressor operation where 
one o r  more  of the  elements are s ta l led .  This analysis, however, does 
not  consider the adverse  effects of i n l e t  flow dis tor t ion on the corn- 

.I 

- pressor stall "limit. . .  . 
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A s  discussed i n  chapter XI ,  stage sta.Ll may be .divided  intu two 
types: (1) progressive stall,, characterized by a gradual  but  continuous 
decrease i n  stage  perfomance as the flow coefficient i s  decreased below 
the  stalling  value, and (2)  abrupt stall,  characterized by a sudden o r  
abrupt  drop i n  stage performance at the stall ing  value of flow  coeffi- 
cient.  Either type of stage stall norrmally results in the  formation of 
one or more low-flow or s ta l led  zones that ro ta te  about  the compressor 
axis and are thus aefined as rotat ing stall.. Progressive stall i s  nor- 
mally  associated  with  rotating-stall zones that start at one end of the 
blade and grow radial ly  and c i r c d e r e n t i a l l y   a s   t h e  flow  coefficient i s  
decreased. The stall pat tern  for  this type of stall  may consist of from 
one to twelve stall zones,  and the number of s tall  zones generally  in- 
creases &B flow  coefficient i s  decreased. Abrupt stall is normally as- 
sociated wLth a simultaneous stall of a l l  radial. elements of the blade, 
and the stall p a t t e n  generally  consists of a single stall zone. 

Progressive stall. i s  prevalent i n  low hub-tip  ratio  or inlet stages, 
whereas abrupt stall i s  prevalent i n  high hub-tip- r a t i o   o r  exit stags. 
Typical.  middle stages of 8 multistage ccmrpressor or intermediate  hub-tip 
ratio  stages may exhibit a progressive stall followed  by an abrupt stall 
as flaw i s  further reduced. Both progressive and abrupt s t a s  exhibFt 
a hysteresis effect, i n  that the flow coefficient at which stall  recovery 
is achieved i s  higher than that at which stall  w a s  fir& encountered as 
the  flow was decreased. This  hysteresis effect  i s  also discussed i n  
Chapter X I  

Stage  Interactions 

The performance  and s ta l l ing  character is t ics  may be appreciably dif- 
ferent when a stage i s  operated as a single stage and when it i s  operated 
as a stage of a multistage  campressor. These differences of performance, 
which may be designated as interaction  effects,  result fram the radial 
and circumferential  variations of stage-inlet  conditions  that .may exis t  
in   the  mul t i s t age  compressor. A6 pointed.out  in  chapter XI, interaction 
e f fec ts  may be attr ibuted t o  two ,&n sources: (1) radial maldistribution 
of flow due t o  off-design  performance of adjacent s t a g e B ,  and (2) circum- 
ferential   maldistribution of flow o r  unsteady  flow due t o   r o t a t i n g   s t a l l  
originating in adjacent stages. 

Radial maldistribution of n o w .  - Radial  maldistribution m y  be de- 
f ined  as large variations from the design radial distribution of flow. 
For any stage  other  than  the f i rs t  stage of a mul t i s tage  compressor, these 
r ad ia l  maldistributians of flow result from off-design  performance of pre- 
ceding  stages. For example, as the flaw coefficient of the first stage is  
decreased, the energy  addition a t  the t i p  of th i s  stage usually increases 

1.. 
. .. 
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more rapidly  than that a t  the root. Requirements of radial  equilibrfum 
of s ta t ic   pressure at the eXit of the  f i rs t -s tage stator, therefore, m a y  
lead to a r a t i o  af axial velocity at the blade t i p   t o  that at the blade 
root that i s  l a g e r  than the  design  value. This radial vaxiation fram 
design  flow may be aggravated through the first f e w  stages of the com- 
pressor and may a l te r   the   re la t ive   ra te  of approach to s t d l  f o r  the t i p  
and root  sections of subsequent stages. Thus, a stage  that -bits a 
partial-span  proaessive e t a l l  when tested  as a single  stage may exhibit 
an abrupt  total-spah stall when operated as a stage of a multistage can- 
pressor. Furthermore, radial maldistribution of flow can r e s u l t   f n  ap- 

fluw coefficient as wen as in   vas ia t ions   in  the stalling value of flow 
caefficient f o r  any stage. 

i 

w w 
VI 
4 preciable  variations  in average  stage-work input   for  a given value of 

Unsteady f low.  = when rotating stal l  e x i s t s  in a multistage com- 
pressor,  the  resulting f im-f lGctuat ions extend  through dl. stages  (ch. XI). These flow fluctuations of rotating stall  iiifpose a time-unsteady 
circumferential  velocity  variation on a l l  stages, and the  instantaneous 
loading of the blades i s  certainly  altered fram that for  steady flow at 
the sane mean value of flow coefficient.  Thus, when rotating s t a l l  is 
instigated by a?l inlet stage, the performance of all subsequent  stages 

flow distribution. 

E3 
tJ .may be KLtered because of the  result ing  vmiations  in  circumferential  
P m  

Imposition of flow fluctuations of rotating sta31 on any stage that - is  operating  near its s t a l l  p i n t  may result i n  s t d l  of that stage. 
Thus, the flow fluctuations may be  increased i n  magnltude, 88 was the case 
for the  10-stage ccanpressor discussed i n  chapter XI. In addition to 
premature  incurrence of s t a l l  i n  a given stage due to stall  of an m a -  
cent stage, the resKLtiug stall pattern and  performance of the giveh stage 
ms;y be appreciably  different f r o m  those  predicted by single-stage  testa. 
Stages  operating at flow coefficients  appreciably above the value for 
s t U  o r  new their choke limit, however, tend to decrease the amplitude 
of flow fluctuations  result ing fram rotat ing stall originating  in  preced- 
ing stages. The effects  of f l o w  fluctuations on the performance of such 
stages my,  theref ore, be amall. 

Complete Cmpressor S t a l l  and  Surge 

Abrupt s t d l  of one o r  more stages and progressive s t a l l  of the in le t  
stage, wfiich result in   de te r iora t ion  of the performance of several sub- 
sequent stages, will both resuit in discontinuities I n  over-all perform- 
ance of a multistage cmgressor.  For the purposes of this analysis, d i s -  
continuity p i n t s  i n  the  over-all cnmpressor  performance characterist ic 
at a given speed are es igna ted  as complete  campressor s t a l l  to   differen-  
tiate between s t a l l  of the 0w-d campr'essor and stall  of the individual 

pressor performance . m a y  result i n  compressor  surge. Iche occurrence of 

- 
- stages. As discussed i n  chapter XI, discontinuities in over-all com- 
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surge w i l l ,  of c m s e ,  aepend.on  the Gternal system  c&racterLstics x& 
well as the compressor ch.&acteristics.- If surge does not  occur,  stable 
performance at a lower leve l  of pressure ' ra t io  and efficiency will be ob- 
tdned .  During component tests of a multistage  compressor, these d i s -  
continuities i n  performance me not  often  observed,  because  compressor 
surge i s  encountered. Complete compressor s - b a l l  and surge, however, rep- 
resent the same llmit of compressor operation. 

. I - - . .  

. . . -. . . . . . 

STAGE STACKING 

As pointed  out i n  chapt-er X ( re f .  a), the off -design  performance of a 
multistage  axial-flow compressor may be approximated by-a  eimplif ied stage- 
stacking  technique i f  the generalized stage performance characterist ics 
are known. The main purpose of the analysis  reported  herein is t o  study 
qualitatively the effects  of various stage stall  characterist ics and stage 
interactions on the part-speed  operating  characteristica of multistage 
axial-flow campressors. In  order  to  simplify the cmpta t ions ,  effects 
of radial maldistribution of flow and e f k t s  of Mach  number on stage  flow 
range and efficiency were ignored. The detailed stacking  procedure used 
for  these camputations i s  given i n  appendix B of reference 6 and i s  sir&- 
lar to   that   out l ined in chapter X (ref. 8) . 

For this analysis the stage  cinyes are assumed i n  terms of adiabatic 
efficiency and pressure  coefficient as functions of flow  coefficient; 
The adiabatic  efficiency i s  the   r a t io  of usefW or  isentropic'work  input 
to   ac tua l  work input; the pressure-coefficient I s  a function of useful 
work input divided by the square of"thearan-radius wheel speed; and the 
flow c o e f f i c i e n n s   t h e   r a t i o  of the average inlet   axial .veloci ty  t o  the 
wheel speed at the mean radius.  Study of the performance of nutuerous 
stages  indicates that stage performance f o r  a range of speeds can  be gen- 
eral ized  to  a single curve on the basis of these parameters. The effec- 
tiveness of this manner of generalization of data is illustrated in   f i gu re  
I, which is a plot .of  the performance  of the first ,  f i f th ,  and tenth  atages 
of the  canpressor  reported i n  .reference 3. &-rand& k r i a t i o n s  exLst 
because of the di f f icu l ty  of obtaining  accurate  stage  performance data i n  
the multistage ccanpressor. The stage data, however, c m  be weU. approxi- 
mated by a single curve for all speeds  except f o r  the mEudrmun-flow points 
i n  the  tenth or last stage of the canpressor. In this case the effect  of 
stage-inlet Mach  number on the  negative-incidence  stalling angle tends t o  
decrease the choking  value of flow coefficient as campressor  speed i s  In- 
creased. . Similar Mach number effects  may &st i n  the inlet stage. At 
any given speed, however, the inlet  stage  covers  only a small part  of i t s  
t o t a l  range. Therefore, the Mach  number effect  i s  not noted on such a 
plot of experimental data. The f i f th  stage does not  cover an appreciable 
flow range and, thus, does  not "exhibit a noticeable Mach number ef fec t .  
Inasmuch as the inclusion of Mach number effects wauld not  appreciably al- 
t e r  the  trend  obtained fram the stage-stacklng  analysis, these effects 
were not  considered i n  the computation of campressor  performance. 
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Interaction  effects w e r e  small f o r  the coqressor  of reference 3, 
.*r as indicated by the measured stage perfarmance characteristics.  For the 

compressor  of reference 2, however, appreciable  interaction  effects were 
noted.  For  the  computations  reported  herein,  interaction  effects due t o  
unsteady f low result ing from s t a l l  in  the  inlet   stage were estimated by 
al ter ing the indiedual   s tage  performance  curves of several  succeeding 
stages f o r  those  conditions where staU existed i n  the inlet stage. Es- 
timated hysteresis   effects   in  the uns ta l l lng  chaxacteristics w e r e  also 
incorporated in  the  stage  curves. 

For  cases I to 111, three combinations of stage stal l ,  interaction 
effects ,  and mstal l ing  hysteresis  were considered. I n  cases IV and V, 
stage  matching wa6  compromised t o  favor  part-speed.  operation. No effects  
of interaction o r  unstalling  hysteresis were evaluated  for  cases N and V. 

Hy-pothetical  Cmpressor, Cases I, II, 8nd 

63 

d 7 .  The compressor had 1 2  stages of constant t i p  diameter. All stages 
g IC 

b The basic  hypothetical  canpressor was ident ical  f o r  the first three 
cases  considered and was the same as that presented i n  references 6 and 

had ideiitical performance i n  terms of pressure  coefficient and efficiency 
against  flow  coefficient,  except  for the stalling charracteristics. Perti- 
nent  reference-point detarils of the campressor are as follows: 

Pr 

.L Over-all  totd-pressure r a t i o  . . . . . . . . . . . . . . . . . . .  7.75 
Inlet specific w e i g h t  flow, equivalent flow per 

sq f t  annulus area . . . . . . . . . . . . . . . . . . . . . . .  33.5 
Inlet corrected  t ip  speed, f t /sec . . . . . . . . . . . . . . . . .  950 

Absolute in l e t - a i r  angle at pitch  radius of each  stage, deg . . . .  2 4  

Flaw coefficient  for each  stage . . . . . . . . . . . . . . . . . .  0.69 
Pressure coefficient  for  each  stage . . . . . . . . . . . . . . . .  0.3 

Individual  stage  hub-tip radius ra t ios ,   area  ra t ios ,   Ma-radiUS  ra t ios  
and reference-point  pressure  ratios are l i s t e d  i n  t ab le   I ( a )  . 

The assumptions  of stall type, interactions, and hysteresis effects  
for  cases I to III are as follows: 

Case tTf Stages 1 
I 

Progressive 

I:, 1 Bogressive 

III &ogres sive 

)e of stall Interactions 
Stages 5 

to 1 2  to 8 
Stages 9 

Progressive 

to a and abrupt 
Stages 1 Abrupt Progressive 

None Abrupt 

t o  8 and abrupt 
Stages 1 Abrupt Progressive 

and 8brUpt 

- 
1 Hysteresis 

e f fec ts  

None 

Stage l 

Stage I 
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The individual  stage  curves assumed fo r  each  configuration  are  discussed 
in   t he  section DISCUSSION OF CQMPUTED FERFORMANCE. 

Hypotiieticd Compressor, Cases IV and V 

Reference 1 suggested  that improverpents in part-speed  performance of 
multistage  compressors might be obtaiped by matching the stages so that 
at design  speed the inlet stages o p r a t e  at the high end  and the rear PC 

stages at the low end of their flaw-coefficient yangea. Case IY was, 
therefore,  c0nsidere.d t o  evaluate the potential  of such  stage-matching 
compromises. Thus, the  match-point  flow  coefficients  for  case IV were 
arbi t rar i ly   var ied fram 0.76 f n  the first stage t o  0.63 i n  the twelfth 
stage, as compared with a constant  value of (2.69 for  cases I to 111. The 
stage  characteristics used were identfcal   to  those for case I. Inasmuch 
as the results of case IV indicated that  this stage-matching campromise 
greatly reduced the complete-compressor-stall or  surge margin at design 
speed,  case V was considered, i n  which a thirteenth  stage was  added. The 
performance characterist ics f o r  this added stage were assumed ident ica l  
t o  those  for  stages 9 t o  LZ, and the match-point  flow coefficient. taken 
as 0.626. A s  i n  previous  cases,  the compressor was assumed t o  have a con- 
s t a n t   t i p  diameter. 

In ta lo 

-7 

Pertinent  reference-point  values  for  cases N and V are as f o - l l o w s :  

C a s e  N Case V 

Number  of stages . . . . . . . . . . . . . . . . . . .  12 13 
O v e r - a l l  to ta l -presswe  ra t io  . . . . . . . . . . . .  7.73 9.10 
Inlet epecific w e i g h t  flow, equivalent flow per 

sq f t  of annulus azea . . . . . . . . . . . . . . .  35.96 35.96 
Inlet corrected t i p  speed, f t /sec . . . . . . . . . .  9 50 950 

Absolute  inlet-aLr  angle at pitch radius of each 
stage, del3 . . . . . . . . . . . . . . . . . . . .  2 4  2% 1 

1ndividual.stage  parameters for these two cases =e listed i n  table  
I (b )  

For each  case  considered,  calculations were made for a range of speeds 
of 50 t o  110 percent of the  reference  value. The maXLrmrm flow considered 
at each  speed was the estimated exit-vane choke flaw. For these examples, . 
choke flow was assumed t o  exist at a value of specific weight flow at the 
ex i t  of the last stage of 41.4 pounds per second per squerre foot of annu- 
lus  area. This value  of-  specific flow i s  based on flow conditions at tb- 
exit of the last stage. The minimum f l o w  considered at each speed was that L 
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a t  which a  discontinuity i n  the performance  curve of any stage w a s  en- 
countered. As indicated  in  chapter XII, discontFzluities i n  rnultistage- 

surge or complete  campressor stall. I n  the computation  of intermediate- 
speed  perfor-knce for cases = ap& 111, operation with the inlet stage 
s ta l led  and unetalled was considered. 

1 compressor  performance at a a v e n  speed may lead to  either  canpressor 

DISCUSSION OF COMEWED PERFORMANCE w w cn 
-a - - Case I 

The assumed stage  Frformance  curves for case I aze presented i n  
figure 2. The first four stages were assumed t o  have only EL progressive 
stall, and the  pressure  coefficient and efficiency were taken as continu- 
ous functions of the flow coefficient, a6 shown i n   f i gu re  2(a). Stages 
5 t o  8 were  assumed t o  have an initial progressive stall and an a b m t  
s ta l l  a t  lower values of flow Coefficient [ f i g .  . Stages 9 t o  1 2  
were  assumed t o  have only an abrupt stall f i g .  2 e ) > .  As noted i n   f i g -  
ures 2(b) and (c), a discontinuity of stage performance characterist ics 
vas  considered t o  result from abrupt stall. The stage  characteristics 
for  stage  pressure ratios belw 1.00, which were the same f o r  a l l  stages, 
me given in figure 3. As noted Zn appendix B of reference 6, a modified 
computational  procedure was used when stages operated at turbining pres- 
sure rat ios .   Interact ion  effects  were considered  negligible  throughout 
the  campressor. 

e 

A 

Computed over-all performance. - The catnputed over-all performance 
map f o r  case I i s  given i n   f i gu re  4 as a plot  of 0ver -U  to ta l -pressure  
rat io   against   specif ic  weight flow. TIE over-U  total-pressure-  ra t io ,  
which i s  the   ra t io  of t o t a l  pressure  at  the exit of last stage t o  that 
at the compressor inlet, would not include an  exit-vane or a f f u s e r  loss. 
The specific weight flow i s  the equivalent w e i g h t  flow per sqymxe foot of 
annulus area at the compressor inlet. Also shown in   f igure  4 are contours 
of constant  efficiency,  the  estimated chokhg-flow condition  for the &t 
vanes,  and the estimated camplete-campressor*tall limit. 

The computed maximum efficiencies for tbl.8 case  varied fram sl ight ly  
over 0.70 at 50 percent of reference  speed t o  approdmately 0.87 at 100- 
percent  speed. The values of computed efficiency at the lowest speeds con- 
sidered indicate that stage .mismatching a t  low s p e d s  will not campletely 
explain the extremely low efficiencies  obtained  experhentally  for same 
high-pressure-ratio multistage axial-flow  ccurpressors. 

- The exit-vane choke limit was the mEtximum flow considered at each 
speed.  Further  decreases in over-all   pressure  ratio would not alter the 
stage matching but would merely increase  the  losses downstream of the  
point of choking. .. 
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The complete  compressor stall l i m i t   a t  each  speed w a s  the flow at 

which a discontinuity of  performance occurred  because of abrupt st&ll of t 

so,= stage. Occurrence of abrupt s ta l l  i n ,  a stage results i n  very  large 
flow  fluctuations that could  seriously  affect the performance of all 
stages i n  the compressor.  Therefore, the occyrence of abrupt e t a  i n  
the multistage compre~isor  can Lo@cally.be taken as the lower limit of 
usable  range at that speed. As pointed  out i n  chapter. .XI, discont imi-  
t i e s   i n   o v e r - a l l  performance of the campressor may result i n  campressor 
surge; and, thus, the completeemnpressor-stall limit may also be con- - +  
sidered t o  be the s u r g e  limit of the ccanpressor. A s  noted i n  figure 4, 
tbis limit does not exhibit the customary dip or k ink  at intermediate 
speeds. If surge were assumed- t u  occur at the maximum-pressure-ratia 
points as i n  reference 1, the  general  trends would be unchanged. 

In rn 
M 
" - 

Variation of s t w e  flow  coefficients. - I n   o r d e r   t o   U u s t r a t e  the 
stages that are s ta l led  at v&ous inlet flows and speeds, the stage flow 
coefficient i s  plotted  against  stage number (fig.  5) for  several  values 
of inlet flow at speeds of 100, 80, and 50 percent of the reference  value. 
The heavily shaded area on these p lo ts  represents the range of .progressive 
stall, and the lightly shaded area represents the range af abrupt stall 
with the associated  Ciscontinuity of stage  pressure  coefficient (fig. 2). 

A t  100 percenVof  reference  speed  [fig. 5(a) 1, fl&-coefficient -v&T1- 
ations are shown for the reference-point  .specific flow of 33.5, the ap- 
proximate  exit-vane choke flow of 33.68, and the cam-plete-campressor-stall 
flow of 33.06. The variation of flow coefficient in the front  stages i s  c 

small, and thus the specific-weight-flow  range a t  this speed i s  also amall. 
The maximum change i n  flow coefficient  occurs  in the last stage, and cam- 
plete  compreasor s t u  resu l t s  fram abrupt stall  of' thls stage. 

. . *  

As the speed i s -  reduced t o .  80 &,rcent  of the reference  value,  the flow 
coefficients  decrease for the entrance  stage and increase  for the exit 
stage, as showti i n  figure 5 (b) . A t  thils speed, the first stage  operates 
i n  the progressive-stall  range even a t  the maximum specific weight flow o f  - 

23.40. Complete compressor s t d l  results fr& stall of the ninth stage at 
a specific w e i g h t  flow of 17.16. It should a lso  be noted that the number 
of stages operating i n  the  progressive-stall range increases fram one t o  
eight as the flow is  decreased fram the exit-vane choke value of 23.40 to 
the camplete-compressor-stall value  of 17..16. 

As the speed i s  further  decreased  to 50 percent of the reference value 
(fig.  5(c) ) , the  front stages ,move deeper  in50 s t d l  and the rear stage8 
closer   to  choking f1-W. C'mplete  campressor stall results from occurrence 
of abrupt stall  i n   t h e  f i f t h  stage. From f ive  t o  seven stages operate i n  II 

the progressive-stall  range a t  all flows. 

A comparison of figures 5(a), (b), and (c) shows that a t  high speeds 
complete cmpressor stall resu l t s  from abrupt a t a l l  of the rear stages; &nd, - 
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as speed. i s  reduced,  eaJrUer  stages i n  the carpressor  insttgate camplete 
compressor stall. As shown by the  variation of stage  flow  coefficfent 

stall  will only be inst igated by stages 5, 9, and 1 2  for  tUs example. 
* and by the assumed abrupt-staU limits (f ig .  51, complete  campressor 

In  order to define more clearrly  the  relation of stage stall t o   c m -  
pressor  speed and flow, the indivldual  stage stall limits are  cross- 
plot ted on the computed performance map i n  figure 6. This figure shows 
that  progressive stall e x i s t s  i n  from one t o  eight s tages   for  a31 speeds w w below 80 percent of the reference  value and f o r  the law-flow portion of 

2 the f l o w  range at speeds of 85 and 90 percent. It should be noted that, 
ne= the  complete-compressor-stall  point at 90-percent  speed  (fig. 61, 
nearly all the stages stall at approximately  the same value of specific 
weight f low.  In--fact, stages 2 to 5 stall at a slightly higher value of 
i n l e t  flow than stage 1. As pointed  out i n  chapter XI, r o t a t i n g   s t a l l  
i s  a  prevalent souce of compressor blade  vibration.  Therefore, this 
range of operation where progressive s ta l l  exists i s  extremely important 
with  respect to engine r e l i ab i l i t y .  

In general,  the  cmputed  progessive-stall limits of this hygotheti- 
cal  canpressor  (fig. 6) are verif ied by experimental  studies of rotat ing 
stall i n  multistage  campressors. The speeds at  which this type stall are 

at which inlet-stage stall  first occurs, however, would be a function of 
stage  characteristics as w e l l  as design-point  matching.  For this example, 
all stages w e r e  assumed to have ideritical characterist ics up t o  the stall  

Mach  number effects ,  which were ignored in this analysis, . m a y  also vary 
the  speed at which inlet-stage stall  i s  first encountered. As can be seen 
from the stage  curves of figure 1, a reduct ion  in   rotat ional  speed, which 
corresponds t o  a reduction i n  stage-inlet Mach number, results i n  an’in- 
crease i n   t h e  .maximum obtatnable flow coefficient of the exit stage of a 
.multistage  comgressor.  Correspondingly,  a  decrease . in inlet Mach nmber 
of the first stage would tend to decrease the flow coefficient at which 
stall  of this stage i s  encountered. Both of these  effects would tend   to  
decrease  the  speed at which first-stage stall is encountered In the multi- 
stage campressor  but w o u l d  not alter the trends  indicated by the cnmputed 
compressor  performance. 

. encountered a r e  s m w h a t  higher than discussed i n  chapter XI. The speed 

h point and w e r e  matched at a constant  vdue of flow coefficient of 0.69. 

The Xnes of abrupt s ta l l  (fig.  6) show that, f o r  speeds up t o  70 
percent of the reference  value, camplete compressor stall resu l t s  from 
abrupt s t a l l  of the f i f t h  stage; for speeds of 75 t o  90 percent, fram 
abrupt stdl of the d n t h  stage; and f o r  speeds of 95 percent and higher, 
from abrupt stall of the twelfth stage. The resulting  complete-coqressor- 
s t a l l  l i m i t ,  however, is  f r ee  of the normal dip o r  kink that  i s  f r e -  
quently  encountered in  high-pressure-ratio multistage campressors. 
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Case LI 

Case w a s  c-uted t o   e m u a t e  the effects. of s d i  d i s c m t i n u ~ t ~ e s  
result ing from interact i -on  effects   in  the first f e w  stages of a multietage 
compressor, and U S 0  to   evaluate   the  effects  of' unstalling  hystereeis of 
the in l e t  Stage ... fn taac t ign .   e f fec ts  yere Etssumed ta. exist i n  the first 
four  stages. The detailed flbtT studies af the lCI-stage research compres- 
sor  discussed  in-chapter X I  L'eireal that flow fliiictuations of rotat ing 
s ta l l  increased  through  the f i rs t  POW atages and then  decreased through 
the  remaining stages, Therefee, the aesumption of interact ion  effects   in  
four  stages appeared reaGorihlj15. The fiB@itude of' the  decrease i n  perform- 
ance w a s  a rb i t r a r i l y  chosen. 

'Ibe stage  characteristics  used far stages 1 t o  4 of case 11 are given 
in   f igure  7.  These stage performance ChWeter i s t ics  were obtained by ar- 
bitrarily modifylng the pressuftk-cuefficietrt  characteristics used i n  case 
I and computing the  modified  efficiency curve13 assuming 110 change i n  the 
actual war% input fram that of' case I. A small discantinuity i n   t h e  per- 
formance of stage 1 wae a 6 s W d  aS shown in figure ?(a).  The unstall lng 
hysteresis  effect  is also indicated  in t;his.fi-&&. St& r e c M r y  waa  
assumed t o  occur at a flow  coefficient of 0.60, whereas eta31  originally 
occurred at a coeff tc iedt  of 0.565. TO evaluate  interaction  effects, 
stages 1 t u  4 were aesumed ta  .apePate on the  lower o r  stalled portions of 
the i r  performance curves (f ig .  7)  whenever &ny of these stages encountered 
stall. The stage peffomance characterist ics f o r  stages 5 t o  1 2  w e r e  iden- 
t i c a l   t o  those of case L ( f i g 6 .  Z(b) and ( e ) ) .  

Perfomnce a t h  fkont stages uns ta lkd .  - The cdculated performance 
map for  case I1 for the  condition of no skall in the  front  etages Fs pre- 
sented i n  figure 8(a). T h i s  p e r f o M c e  mas i s  identicel-to t h e  high-speed 
part  af the map f u r  case I ( f igs .  4 and 6) except f o r  the complete- 
compressor-stall l i m i t  at speeds below 95 perceat of the  reference vaiue. 
I n  case I1 the e t a  of ijne of! the front etages leads t o  a discontinuity 
of  over-all perfor"mance becauriie of the assmed  interaction  effects.  Thue, 
an  envelope of the progressive-stall limits f o r  case i: (fig.  6)  repre- 
sents the ca~~~ete-dampressor-etail  lFmit f d  case 11 for sljeedii B r a n  80 
t o  approximately 95 percent of refer'ence speed. go o-geration  with the 
front  stage u n s t d l s d  i s  obtainable bellrii 8Cbpercen-t speed. 

Perfortnanci! i j i th first stage. stalled. - cmpixted perforanance for 
case I1 f o r  the condition  of stall in the  first stage and interactions i n  
stages 2 t o  4 i s  shown i n  figure 8(b) f o r  speeds of-50 t o  95 percent bf 
the  reference speea. The upper liinit of flow fo r  speeds of 85, 90, and 
95 percent of the  refwerice  vdue was diztermined by the unstalling flow 
coefficient  for the first stage. A t  95-percent speed, the front-stage un- 
s ta l l ing  limit intersects  the ninth-stage . B t d 3 " l i m i t  l i ne  (fig. 8(b)) . 
Therefore, this was the maximum speed f o r  which cKLculations of perform- 
ance with the front  stage etailed Were made. Cqmplete c&ressm stall  
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at speeds of 50 t o  70 percent  results from discontinuities. due to   t he  
occurrence of abrupt stall  of the f i f t h  stage, and, at speeds of 75 t o  

w 95 percent , from abrupt stall  of the ninth  stage. 

The efficiencies  for  case 11 at intermediate  speeds are smewhat 
l o w e r  than for  case I. This decrease in   eff ic iency i s  a direct   resul t  
of the decrease i n  pressure  coefficient assumed f o r  stages 1 t o  4 f o r  
the  condition of progressive stall  and stage  interaction  effects i n  

w these  stages. 
4 Complete performance map. - The complete  performance map f o r  case II 
w cn 

i s  obtained by superimposing the p e r f o m c e  maps for  operation  with  the 
inlet stage  unstalled and the performance map for  operation with the in- 
l e t  stage stalled and interact ions  in   s tages  2 to 4 (figs. 8(a) and (b)) . 
The resul t ing performance i n  term of pressure  ra t io   agdnst   specif ic  
weight flow is  given in   f igure   8 (c)   for  a range of speeds from 50 t o  ll0 
percent of the  reference  value. For a range of speeds  fram 80 t o  95 per- 
cent of the reference  value,  operation with both  the inlet stage s ta l led  
and the  inlet  stage  unsta3led i s  possible. !l%us, i n  this intermedfate- 
speed  range, the existence of double  performance  curves and two complete- 
cnmpressor-stall o r  surge  points at a given  speed i s  indicated. The dou- 
ble  curves of this analysis were obtained as a resu l t  of a small discon- 
t i n u i t y   i n  the performance characterist ics of the first stage and in te r -  
actions in stages 2 t o  4. These resu l t s  are  verif ied by the  multiple per- 
formance curves  obtained i n  the exge5mental  investigations  reported  in 
references 4 and 5. 

r;a 
I 
P 
mv 

* 

It should be noted that, fo r  the computations of case 11, a 
discont inui ty   in  the pressure-c-fficient  curve of stage 1 w&s assumed. 
sirnilas results would be obtafned, however, if the performance  of stage 
1 were  assumed t o  be  continuous,  provided  discontinuities of stage ger- 
follmance as a result of interaction w e r e  assumed f o r  any of the following 
stages. 

Transition fram stalled to  unstalled  operation of i n l e t  stage. - R e f -  
erence 5 indicates  multiple  values of surge-point  performance f o r  
intermediate-speed  operation.  In  these  tests,  the  particular  surge  point 
obtained depended upon the scheciule of speed  and f l o w  tha t  preceded the 
occurrence of surge. The double-valued  curves of figure 8(c) and the 
dependence of compressor  performance on the manner in w h i c h  a particular 
operating  point is approached indicate  the  necessity of studying  the 
t ransi t ion from compressor operation w i t h  the inlet stage  stalled to 
operation wi th  the  inlet   stage  unstalled.  - 

c Th.e usual  ogerating  schedule in  cmpressor-coqonent  testing i s  t o  
st& at maximum o r  choke flow  for a given speed and increase  the  tbrot- 
t l ing   in   success ive  steps until   surge i s  obtained. Inasmuch as campressor 
operation at maximum flow at l o w  and intermediate speeds i s  normdly set - 
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by the choke  of the ex i t  vanes, t ransi t ion from stal led  to   unstal led op- 
eration of the inlet   s tage can be considered t o  occur along the exit-vane 
choke limit of figure 8(c) .  Thus, as the compressor speed is  increased, 
the choking limit of the ex i t  vanes will prevent  unstalllng of the inlet 
stages for this case.   unt i l  a 6peed.of 85 percent of the reference  val& 
i s  attained.  Unstdling of the inlet stage and alleviation of the re- 
sult ing  interaction  effects w i l l  result i n  a transient change of opera- 
t ion from the exit-vane choke point on the dashed speed kurve t o  the exit- 
vane choke point on the sol id  s-geed curve.._ For this .=aprple, the specific 
weight - f l o w  increases from 26 t o  26.3 and the pressure ratio from 4.23 
t o  4 .X. The efficiency .is aot changed appre.cia;bly.  For the purposes 
of this chapter,  the  transient  conditixms following unstalling of the 
in le t  stage are notconsidered, and the CompreEsor operation 1 6  assumed 
t o  change dis.continwusly from that f o r  inlet stage  stalled  to  that-for 
i n l e t  stage unstalled. 

I 

The type- of over-all perfolmance map ob.t_gLned_fran. the normal 
compressor-cnmgonent rating  techniques  described-is  given  i.n figure 8(d) .  
For speeds up t o  85 percent of the reference  value, the campressor would 
operate with the front  stage stalled; and f o r  speeds above-85 percent, 
with the f ront  stage unstalled.  Therefore,  both  branches of the perfmn- 
ance  curve me given.at this crossover speed o f 8 5  percent of  the refer- 
ence  value. 

- . . - . . - 

. _  

. .  
. .  -. . . . . . . . - . . . . . -. I . -_ 

Camplete-compressor-stall limit. - The complete-compressor-stall Umit 
will follow  the  discontinuity  points of the dotted  curves up t o  the cross- 
over  speed  and the discontinuity  point on the sol id  curves above this 
speed. Thus, a stall-limit l ine  fabed  through these points &bits the 
dip cammOn t o  most high-pre6.sure-ratip ~ i ~ - f l ~  compressors. AB indi-  
cated by this analysis of case 11, however, two discrete stall-linrit l ines  
exist, the low-speed. st- limit representing the mode of operation with 
the  front  stages stalled and the high-speed s t d  lFmit  representing the 
mode of operation with no stages stalled. Inasmuch a8 these two stall- 
limit l ines  .may overlap i n  the intermediate-speed range w h e r e  multiple 
performance chmacterist ics may exist, a continuous stall-UmLt line should 
not be faired through the stall  points for the cgmplete range of speede. 
I n  presentation of experimental data, however, the campressor stall or 
surge l i ne  is fa i red through a firIite, nIpber . o f .  points wd is generally 
considered a continuous  function of flow, pressure  ratio, and  speed. 

4 

" 

The analysis  of-case I1 shows that the dip i n   t he  canpressor stall 
o r  surge limit t ha t  i s  e x p e r i , ~ n t a l l y  found t o  exist for intermediate- 
speed  operation of high-pressure-ratio .multistage campressors  can be simu- 
l a ted  by assuming a small discontinuity i n  the performance chmacter is t ics  
of the inlet  stage and interaction  effects in stsges 2 t o  4.  BFmilar re- 
sults would be obtained  fram any cmbfnation of discontinuous  performance 
characterist ics of the  inle-kstages.  For example, the performance char- 
ac te r i s t ics  of the first stage of the 16-stage compressor reported i n  - 

i 
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reference 2 were continuous,  but  discontinuities did exist i n  the char- 
ac t e r i s t i c s  of a few stages after the first .  It should also be noted 

smooth surge  or stall-Umit Une, as indicated  in  reference 3. 
s that re la t ive ly  continuous  stage  characteristics will result i n  a fairly 

The t rans i t ion  from the complete-compressor-stall limit f o r  opera- 
t i on  with the inlet stage stalled t o  that for  operation  with the inlet 
unstalled depends on the manner i n  which this limit i s  approached. If 
the compressor-discharge th ro t t l i ng  i s  s u f f i c i e n t   t o  cause the compres- 

w 
u1 
0 4  sor  to  operate  appreciably above the e-t-vane choke Umft as speed is 
4 increased,  unstalling of the front  stage may not be achieved until a speed 

appreciably greater than €j5 percent of the reference  value i s  attained. 
In  the range of speeds from 85 t o  95 percent of the reference  value, the 
complete-compressor-stall  limit may follow that of figure 8(b). But, i f  
the speed i s  first increased above the  value  for  unstall ing of the inlet 
stage and then reduced., complete  compressor s ta l l  may occur on the limit 
of figure 8 (a )   fo r  speeds of 80 t o  somewhat over 90 percent of the ref- 
erence  value. Thus, f o r  case X, double-valued compressor stall points 
a t  a given  speed may be obtained f o r  the range of speeds  from 80 t o  95 9 

G percent of reference speed, as indicated  in   f igure  8(c) .  As previously 
d discussed, this  phenomenon has been  observed i n  experimental  studies of 

w- multistage axial-flow-c61upressor  performance. For  cases where unstall ing 
of groups of stages o r  a l leviat ion of interactiou  effects occurs stepwise, 
even more than two compressor  performance character is t ic  curves may be 
obtained a t  a given  value of speed. 

For .maxi,murn engine  acceleration, the canpressor  operating  line i n  an 
engine will be very  close  to the surge  or stall Urnit at low and in t e r -  
,mediate speeds. Thus, the int-diate-speed  complete-campressor-st& 
limit obtained by normal cmpressor rating techniques may not be represent- 
a t ive of the cmplete-campressor-stall or surge “t obtained during en- 
@ne acceleration.  Therefore, when multiple opera t ing  curves exist at any 
compressor sped, performance evaluations m u i t  include all possible oper- 
ating  conditions. This may be done by approaching a given  operating  point 
by varydng cmrpressor speed at each of several   f ixed system throttle set- 
t ings,  as w e l l  as by variation of th ro t t le   se t t ings  at a fixed speed. 
Speed changes must include  both  increases and  decreases i n   r o t a t i o n a l  
speed. An operating  technique  such as this will give performance maps 
of the  type sham i n  figure 8(c) for those cases where .multiple perform- 
ance  curves exist f o r  a given conrpressor rotat ional  speed. The data of 
reference 5 indicate six sepazate performance curves st approximately 75 
percent of design speed. For this cmpressor, the performance chsrracter- 
i s t i c  that exhibited no s t a l i n  the inlet stages w a s  easily  duplicated. 
Points on the performance chazacter is t ics   for  the condition of s t a l l  i n  
the  inlet stages w e r e  in  general  duplicable,  but ,minor variations i n  the 
method of approach t o  this par t icular  speed would result in   operat ion on 
different  curves of the separate performance charac te r i s t ics   for  the con- - di t ion  of stall  i n  the inlet stages. Thus, estimation of the campressor 

c 
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performance in the  actual  engLne  based . o n  compressor-component  tests may 
be  difficult for this  intermediate-speed  range. ' During  component  testing -. 

of  CompressorS,  however,  it is .desfrable  to  evaluate all possfble  perform- 
ante characteristics in this  intermediate-speed  range  where  multiple  char- 
acteristics may exist. 

" * 

Effect  of  unstalling  hysteresis; .- For  case 11 a hysteresis  effect 
was  assumed in the  unstalling  characteristic  of the inlet  stage. This 
had  no  effect on the.genera.1  trend  of complete-compressar-stall charec- PI 

teristics,  except  wFth  respect. to . t h e  6pee.d. at .which tramition from 
stalled  to  unstalled  operation o f t h e  inlet  stage was achieved. For no 
hysteresis  effect,.  unstalling of the  .inlet  stag& d o n g  th& ekLt-vane  choke 
line  (fig. 8(b)) would be achieved  at 81.5 percent  of  reference  speed 

continuities in the complete-ccnrrpressor-stall limit  and  the  potential of 
double-valued  points  between  speeds of 80 to 83.pffcent.-csn be  seen  from 
figure 8(c). 

# to m 
. " 

rather  than  at 85 percent  as  for  the case  W t h  hysteresis,.  Possible a s -  . .  

Part-speed  efficiency. - At 85-percent  speed,  the  transition  speed, 
the m a x i m u m  computed  efficiency  for  operation  with  no stage stalled was 
0.86; whereas  the m a x i m m  efficiency w a s  0.84 at  this speed for  the  con- 
dition  of  Lnlet  stage  stalled  and  interactions in stages 2 t o  4. This 
small difference in computed  efficiency  simply  reflects the small changes 
in  stage  performance-  that  were  assumed  to  result  from  inlet-stage  stall 
and the  attendant  interactions  (fig. 7). TBUS, no conclusive  reaulte  can 
be  obtained  from  these  computed  efficiencies.  Interaction  effects or L 

sharp decreases  in  stage  efficiency as a result of stage stall will, haw- 
ever,  affect  compressor dficiency adversely. 

T 

Case 111 . . . . . . . . .  . . . .  

In or&r  to  evaluate  -more serbus interaction  effects,  calculations 
were . m a d e  for  case 111 that  assumed  the same conditions in stages I to 4 
aa for  case I1 and, in addition,  assumed large Interaction  effects  in 
stages 5 . t o  8. The modified  performance  curves  for  these  middle  stages 
are given  in figure 9 .  As for  stages 1 to 4, the  pressure-coefficient 
curve f o r  stages 5 to 8 was arbitrarily modified and  the  efficiency w e  
was  computed  from  the  pressure  coefficient by assuming no  change in t a t L  
work  input  for  the  stage.  The  magnitude of Ctlscontinuity  of  pressure co- 
efficient is representative of that for an abrupt  type af stage s t a l l .  
When  progressive  stall  existed in stage 1, etages 5 to 8 were  assumed  .to 
operate  on  the  dotted  curves  of  figure 9. The performance  of  stages 9 
to 12 was  identical  to  that for case I. . .  -. . . .  . .  

. .  

The performance. of this case for the condition of wstalled opera- 
tion  of  the  inlet  stage is identical  to  that for case I I  (fig. 8 ( a ) ) .  
For  the  condition  of  stall of the  inlet stage, however,  tKe  performance 
is markedly  changed  (fig.  lO(a)). 
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Complete performance mal?. - The complete computed campressor per- 
formance map f o r  case I11 ( f ig .  lo(%)) is  obtained by  superimposing f ig -  
ures 8(a) and l O ( a )  . As i n  case 11, the multiple performance  curves at 
speeds above 80 percent of the  reference value indicate  the  necessity of 
vwytng the mode of testiw i n  comgonent ra t ing so that all possible  cm- 
pressor  operating  conditions can be evaluated. 

* 

Transition fram s ta l l ed  to unstalled  operation of inlet stage. - 
w w 
4 

For  case 111, if compressor  speed i s  increased along the exit-vane choke 

erence speed. A t  this speed the  transient change i n  comguted pressure 
r a t i o  would be fram 4.85 t o  5.2, the change in   spec i f ic  w e i g h t  flow would 
be frm 28.3 t o  30.9,  and the change in   e f f ic iency  fram 0 .71 to  0.81. 
Thus, for  lazge  interaction  effects,  unst&lling of the inlet stage i s  &c- 
campanied by re la t ive ly  large increases i n  weight flow, pressure  ratio, 
and  efficiency. The transition  speed of 94 percent is shown i n  figure 
lO(b) f o r  both  the  condition of stall i n  the inlet   s tage and interactions 
i n  stages 2 t o  8 and the condition of no stall i n  the inlet   s tage and no 
interactions.  If interaction  effects of the magnitude assumed f o r  this 
case do exLst and the campressor operating  characteristic follows a throt- 
t l ing   l ine   c lose  to the camplete-compressor-st&ll llmit, unstalllng of the 

speed to a value above that for   unstal l ing of the inlet stage and then de- 
creasing  the speed, stall-free operation ,might be obtained down t o  80 per- 
cent of the  reference  speed at l o w  values of pressure  ratio. 

UI limit, inlet-stage  unstall lng will be effected at 94 percent of the ref- 

. inlet stage may not be achieved  even at design speed. By increasing the 

Cnmplete-compressor-stall limit. - For  the  high-speed  portion of the 
compressor map where no stages are stalled (fig.  8(a)), at speeds above 
95 percent of the reference  vdue, complete  campressor s t a  results frm 
abrupt s ta l l  of the twelfth stage; and at speeds of 80 t o  approxLmately 
95 percent, fram s t a l l  of stages 1 t o  4 and the attendant  stage  interac- 
t ions.  For the operating  conditions where s t d l  i n  the i n l e t  stage and 
interactions i n  stages 2 to  8 exist (fig.  lO(a)), camplete ccmrpressor 
stall f o r  speeds up t o  95 percent of the reference  value results fram 
abrupt stall of the ninth  stage, and f o r  higher speeds,  fram  abrupt s t a l l  
of the twelfth stage. 

The camplete-canpressor-stall-Umit =ne indicated for case III f o r  
the normal crwponent rating technique  can be obtdned from figure 10(b). 
This stall-limit l i n e  w o u l d  follow the camplete-canpressor-stall-liait 
points for the dashed speed curves (fig. lO(a)) up t o  94 percent of ref- 
erence  speed. In this speed range the campressor would operate with the 
first stage s t a l l ed  and interactions in stages 2 t o  8. For speeds above 
94 percent,  the stall-limit l ine  will follow the complete-cmpessor-stall- 
Unit points  for  the so l id  speed curves, which represent 8 condition of 
stall-free operation  for all stages. 

c 
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Effect of unstall ing hysteresis. - If the hysteresis  effect  on un- 

staLling of the inlet stage were neglected, the first stage i n  this case 
would become unstalled at 91.5 percent of reference  speed for operation 
along the exit-vane choke limit. The general  trend af performance and 
complete-compressor-stall limit would, however, be unchanged. The effect  
o f in le t - s tage   uns ta l l lng  hysteresis i s  to   increase the speed at M c h  
the inlet   s tage becomes unstalled  regardless of the  throt t l ing or colqpres- 
sor operating  line. 

Past-speed  efficiency. - As can  be  8een from a camparlson of figure8 
4 and  lO(a),  interactions of the m a g n i t u e  &ssuq~ed f o r  case III reeul t  
i n  large  reductians i n  efficiency  for  operation wlth st& i n  the inlet 
stages The computed values indica*-.reduction i n  e f f i cbncy  of about 
15 percent compared wi th  about 2 percent f o r  case 11. Thus, the low 
part-speed  efficiencies  exhibited by some -multistage &ial"flow com- 
pressors m y  result fram severe  Lnteraction  effects. 

Multiple-valued  performance characterist ics.  - Both cases 11 and I11 
indicate the potential  of  two separate c u r ~ ~ s  i n  this general speed range. 
If at any given vdue of  speed the potential  of different degrees of dete- 
r iorat ion of stage performance  .due t o  interactions i s  considered,  then 
m e  than two performance  curves may be obtained. For example, i f  the 
characteristics  for  85-percent  speed a ~ e  considered f o r  cases I t o  In, 
the performance characterist ics shown i n  figure ll are obtained. Curve 
I represents a condition of unstal led  oser .a t iop-fp all stages;  curve I& 
a condition of stall  i n  the inlet  stages and interact i& in stages   to  
4 as obtained  for  case II; and  curve 111, a condition  of stall  i n  the in -  
l e t  stages and interact ions  in  stages 2 t o  8 as ob tdned   fo rcase  111. 
Such variations i n  performance may be a result of change6 i n  the number 
of stages that exhibit this deterioration of performance or changes i n  
the magnitude of the.  performance  deterioration  &--each  stage  that i s  af" 
fected. Variations of stall inkeraction effects, therefore, w i l l  resu l t  
i n  a multiplicity of aver-all  performance characterist ics at a given speed; 
and the compressor f l o w ,  pressure  ratio, and efficiency will increase with 
decreasing  severity of s t a l l  and interaction  effects.  The p a r t t c u l a  per- 
formance obtained w l l l  depend on the  previous  history-of  speed and flow as 
well as the  hysteresis  effect  accompanying changes o h t a l l  pat tern  in  any 
given  compressor.  Needless t o  say, flow distortions at the compressor in -  
l e t  can  'aggravate these adverse  effects, . . . ... . . . .  

v 

. -  

. " 

* 

.. 

" 

Case N 

Inasmuch as part-speed  performance problems of high-pressure-ratio 
ax3al-flow campressors  can be a t t r ibu ted   to   s ta l l ing   o f . the  inlet  stage8 !s 

as a result of flow l imitations of the rei& stGe-6, scniSizqprovement in 
pa&-speed performance may be .expected by matching the  front stages neaz 
their choking value of flow coefficient and the rear stages mas their 
stalling value of flow coefficient. This stage-,@tching campromise is 

. .. 

t 
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equivalent t o  matching the  compressor stages for  some speed lower than 
the  design  value, as suggested. in reference 1. 1i-i addition to improving 
past-speed  performance,  such compromises i n  stage matching may reduce 
the speed at which progressive stall is  encountered and, thus,  decrease 
the  potential  of blade  vibrations  excited by rotat ing stall. To evaluate 
these  potentials,  case Tv was computed. I n  t h i s  case, the  reference- 
point f l o w  co.efficients of the  stages were varied  as shown i n   t a b l e  I (b)  
from a value of 0.760 in   t he   i n l e t   s t age  t o  a value of 0.630 i n   t h e  
twelfth  stage. The principal purpose of  this study was to   inves t iga te  
variations of stage  ageration  with speed.  Therefure, no interactions were 
considered. The stage  characteristics  used  for  the  individual  stages were 
ident ical   to   those f o r  case I ( f ig .  2 ) .  

Computed over-all p&rfom-nce-. - The computed-over-all  performance 
map f o r  case Iv is  given i n  figure 12(a) as a plot  of over-al l   to ta l -  
pressure r a t i o  against   specific weight flow. For this case as f o r  case 
I, complete compressor stall was assumed to occur when abrupt  stage stall  
w a s  encountered i n  any stage. Complete compressor stall f o r  case IV re- 
sults from abrupt stall of t he   f i f t h   s t age  f o r  speeds of 50, 60, and 70 
percent of the  reference  value, from abrupt stall of  the  ninth  stage f o r  
speeds of 80 and.90  percent, and abrupt s ta l l  of  the  twelfth  stage for 100 
and 110 percent. These resul ts   are   s imilar  t o  those f o r  case I. 

t 

The peak efficiencies  calculated f o r  case IV varied from approximate- 
ly 0.74 at 50 percent of reference  speed t o  a maximum of  0.87 a t  90-percent 
speed, and decreased t o  0.85 a t  the  reference speed. - 

Stage  progressive-stall limits. - In -o rde r   t o  determine the  speed at 
which various  stages  reach  the flow coefficient f o r  progressive stall  
(0.565), the  progressive-stall  limits f o r  stages 1 to 8 are cross-plotted 
on the computed performance map in figure 12(b). This figure shows that 
the f i rs t  stage i s  s t a l l ed  over  almost t he   en t i r e  flow  range at 70 per- 
cent of reference speed, arid over o n l y  t he  low-flow portion o f  the  com- 
pressor flow range at 80-percent  speed. The f i rs t -s tage stall limit in ter -  
sects  the  complete-compressor-stall limit at approximately 85 percent of 
reference speed.  Consideration of the stall limits of stages 2 to 7 i n u -  
cates that a t  90-percent  speed  stage 7 is the  first stage to encounter 
progressive stall.  In  the  range of approximately 70- t o  85-percent 
speed, several  of the  front stages approach s ta l l  almost  simultaneously 
at a weight flow somewhat higher  than  that for f i r s t - s tage  stall.  A t  the 
higher  values of pressure  ratio at intermediate speeds, the  general  ef- 
f ec t  of the  stage-matching compromise  was t o  transfer  the  progressive- 
stall problem from the  f ront  stages towards the  middle stages of  the 
compressor. 

* 

No interaction  effects were considered  in  this  analysis. However, 
as pointed out previously,  stages  operating  near  the  stalling  value of  
flow coefficient are very susceptible  to  deteriorations of performance 
induced by f low fluctuations  result ing from s t a l l  of  adjacent  stages. 

- 
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!Therefore, serious  interaction  effects may be expected where simultaneous 
stall of several  stages OCCUTB (fig.  12(b) ) . Furthermore, the higher hub- 
t ip   ra t io   s tages ,  such as  stages 5 to--7 -of case N, are more apt   to  ex- . 
hibit an abrupt stall than are l o w  hub-tip  ratio  stages, such as stages 
1 t o  3. A t  speeds  of 80 t o  90 percent,  therefore,  interaction  effects 
may instigate  abrupt stall  oeone  of the middle stages of the  case IV 
compressor  and  thereby Unlit tE@ Tlow range at these  speeds. 

Camparison of cases I and I V .  - A camparison of the  efficiencies of t- 
case I (fig. 4) and  case N {f ig .   U(a)  ) indicates no appreciable  varia- 
t ions of the over-all campressor efficiency due to   the stage-matching 
c m p r d s e s  of case IV. I t  should. be noted, however, that i n  case I the 
stages were not .matched at the  peak-efficiency  points  (see  fig. 2) . Corn- 
w e d  with a campressor f o r  which all stages  wemmatched at the peak- 
efficiency  points,  the compromise of caste IV would have decreased the aver- 
all compressor eff ic iency  a t  high speeds and increased it at l o w  speede. 

v) 
pr) 
M 

The increase in   f i r s t - a t age  flow  coefficient  for  case N resulted i n  
an increased  specific weight flow frm 33.5 f o r  case I b- 35.9 for ca6e 
Tv. Thus, f o r  a given w e i g h t - f l a w  requirement, tEe  comprdsed matching 
would permit  the  use of a slightly d e r  campressor dFszIleter. 

In  order  to compare the cmp1et-e-compressor-stall limits and stage 9 

progressive-stall limits f o r  cases I and IY, these performance maps are  
superimposed in  f igure  12(c).  This figure i s  plotted 88 pressure  ratio 
against percent of reference-point  specific weight flow i n  order t o  com- 
p m  ccanpressors of eqdvalent  f low capacities. Camparison of the 
complete-compressor-stall limits ( f ig .  1 ~ (  c) ) shows that the compromise of 
stage matching  (case N) gave a marked decFea6e i n  the  attainable  pres- 
sure r a t i o  at all speeds. It can also be seen frm fi-gure 12(c) that the 
percentages of reference-point  specific w e i g h t  flow at the lower speeds - 
are higher f o r  case N than for case I. A t  the  overspeed  condition, how- 
ever,  the  condition i s  reversed and case I indicates  the higher percentage 
of reference-point flow. 

- 

The progressive-s tdl  limits shown i n  figure 12(c)  represent  the en- 
velope of the progressive-s" limit for  stages 1 t o  8 as given i n   f i g -  
ures 4 and 12(b). A comparison of these Units for  cases I and IV indi- 
cates that, along the  exit-vane choke limit, the  speed at which progres- 
sive stall is encountered i s  decreased f r o m  80-percent  speed fo r  case I 
to   s l igh t ly   l ess   than  70-percent-  speed for  case IV. Along the ccrmglete- 
campressor-stall Ulnit, however, progressive stall occurs at samexhat 
higher  speeds  for  the canpromise  matching design (case IV) than for  case 
I. &ring engine  operation a t  part speed, the ccmrpressor w i l l  nos 
operate i n  the  high-pressure-ratio  range at any given  speed. As shown in * 
figure  12(c),   the stage-matching ccanprarnise used f o r  ca6e N gave no ef- 
fective  reduction  in  the speed at which progressive stall might be en- 
countered  during  engine  operation  but .merely transferred  the  instigation 
of this stall. from the first stage t o  one of the middle stages of the 
campressor.. 

* 
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From the comparison of the computed performance of cases I and IV, 
it i s  obvious that the compromise i n  stage matching  used i n  case Tv does 
not improve the progressive-stall limit appreciably  but  decreases the 
complete-compressor-stall  margin. Inasmuch as this coqkomise i n  stage 
matching  does  not r e su l t   i n -  a marked decrease i n  the  speed at which r o -  
t a t ing  stall could be encountered, it w o u l d  not  appreciably alter the 
potential  blade-vibration problem associated with rotat ing stall.  

I 

CEI w cn 
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Case V 

Since  the compromise matching of case N indicated a severe  decrease 
in  the  pressure r a t i o  estimated. f o r  complete  campressor stall, the  effect  
of a,n additional stage was considered. This hypothetical comgressor, 
designated  case V, is  ident ical  t o  case IV except  for  the  addition of 
a thirteenth stage. The stage  characteristics assumed f o r  this added 
stage were the same as for   s tages  9 t o  1 2  ( f i g  . 2( c) ) . A s  in   case I V ,  
no stage  interaction  effects w e r e  considered in   case V. The de ta i l s  
of the stage matching  and stage  reference-point performance characteris- 
t i c s  f o r  this c8Se are given in   t ab le  I(b) . 

63 
k* Computed over-all  performance. - Figure 13 (a) presents the computed 

over-all performance for  case V as a plot  of over-8,l.l total-pressure r a t i o  
against  specific w e i g h t  flow. The reference-point  total-pressure  ratio 
indicated  in  this figure i s  9.1 as compared with 7.73 for  case IV. Cam- 

* plete cmpressor stall at speeds of 50, 60, and 70 percent of the ref- 
erence  value  results fram abrupt  stall. of the f i f t h  stage; at s p e e a  of 
80 and 90 percent, from abrupt stall of the  ninth stage; and a t  speeds 
of 100 and ll0 percent, fram abrupt stall of the thirteenth  stage. 

The peak efficiencies computed for case V varied from 0.70 at 50 
percent of reference speed t o  0.85 at reference speed with a maximum of 
0.87 at 90-percent  speed. 

Stage  progressive-stall limits. - The stage  progressive-stall limits 
f o r  case V are cross-plotted on the over-& performance map i n  figure 
13(b). Progressive-stall  lFmits  for stages 1 to 8 a r e  sham i n  this f ig -  
ure, and the r e su l t s   me  similar to   those   for  case IV {fig. 12(b)). A t  
90 percent of' reference  speed for case V, the  seventh stage encounters 
progressive stall at a flow only s l igh t ly  higher than that for   cmple te  
compressor s t a l l .  A t  80-percent  speed, stages 3 t o  6 encounter  progres- 
sive stall almost  simultaneously at a flaw about halfkay between the 
exit-vane choke limit and the complete-campressor-stall limit; and at 70- ' 

percent speed, stages 1 t o  4 m e  stalled at the exit-vane choke U-mit. 
* 

Comparison  of cases I and V. - CampaJrison.of the efficiencies of case 

- mise and the  addition of a thirteenth  stage have l i t t l e  effect  on the can- 
I {fig.  4) and case V (fig.   13(a)) shows that   the  stage-.ms;tching corqpro- 

puted  over-dl  efficiency. The addition of the thir teenth stage resulted 
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i n  a higher  reference-point pressure r a t i o  (9 .1  f o r  case V campared with 
7.75 for  case I) . Because- the eficiencg  contours .  are Bsplaced  towards 
hi-r pressure  ratios,  the  case V compressor indicates a ccmrputed effi-  
ciency  of  approximately 0.84 at a pressure  ratio of 7.75 &B campared with 
a value of 0.86 for case I at the same pressure  ratio. 

The cmparison.of  complete-compressor-stall limlts for  cases I and 
V are presented i n  figure 13(c), which gives 8 plot  of pressure r a t i o  
against  percent of reference-point  specific weight flow. As i n  case N, 
the  specific weight flow for  case V w s  35..3pounds per second per square 
foot of annulus area as compared with 33.5 f o r  case I. Figure 13(c)  indi- 
cates that case I has a slightly better camplete-carapressor-stall mrgLn 
at speeds of 50 t o  70 percent of the reference  vdue; the two compressors 
exhibit about the same complete-canpressor-stall Emit at speeds of 80 t o  
90 percent;  and  case V has a s l igh t ly  better s ta l l  limit at 100- and 110- 
percent  speed. . .  

The envelope l ines  of the stage  progressive-stall limits f o r  stages 
1 t o  8 are also plo t ted   in  figwe 13(c). These limits indicate that along 
the exit-vane choke limit case I encounters  progres.sive stall at 80 per- 
cent of reference speed, whereas case V encounters  progressive stall at 
about  72-percent speed. Along the complete-CcPmpressor-stall l i m i t ,  both 
cases I and V encounter  progreseive stall at somewhat over 90 percent 
of reference  speed. ..Thus, the campramise of stage matching  and the addi- 
t ion  of a stage (case V) do not  decrease the speed at w U c h  progressive 
stall i s  encountered i n  the vic in i ty  of the camplete-compressor-sta;ll + 
limit. Therefore, the potential  of blade.vibrations  excited by progres- 
sive stall  would be e q w . . a s   c r i t i c a l   f o r  a campressor  such as case V 
as f o r  one such as case I. 

I 

Figure  13(c) also s h o w s  that the compromied compressor (case V) has 
a s l igh t ly  higher percentage o f .  reference-point. flow at lower than ref - 
erence speed and a slightly lower  percentage at higher than  reference 
speed than does the campressor-of  case I. 

This comparison indicabes that, with respect to complete-canpressor- 
stall and progressive-stall limits, the  original 12-stage hypothetical 
compressor  (case I) i s  camparable with the  13-stage  campressor  with modi- 
f i e d  stage matching  (case V) . For a given design flow, the case V corn- 
pressor would be s l igh t ly  smaller than that far case I, but this advantage 
i 6  offset  by the necessity of an extra stage in order  to  ,maintain the 
complete-compressor-stal~ margin for.-the compressor w i t h  compromised 
stage matching. ". 

. .  
. . . . . . . . - . . . . . . .. . . . . . ". . 

. .  
" 

Part-Speed Performance Problems - 
The analysis  reported  herein was made t o  study the effects  of various 

stage stall and interaction  characterist ics on- the past-speed  efficiency, - 
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intermediate-speed camplete-campressor-staJ& characterist ics,  and multiple- 
valued  performance characterist ics of high-pressure-ratio  .multistage  axial- 

rotating s ta l l  ex is t s  w a s  considered as a range of potential  blade vibra- 
tions.  Effects of compromising stage matching to favor part-speed per- 
formance have also been  considered. Because of the  sFmpllfying assumg- 
t ions used, the results obtained  represent only a first approximation. 
The quali tative results, however, are general ly   in  agreement with trends 
observed  experimentally. 

L flow  compressors. I n  addition, the range of conditions where progressive 

- "~ 

Thls analysis  indicates  that  multiple-valued multistage performance 
curves will be obtdned i f  s t a l l  of the  inlet   s tage results i n  disconti- 
nui t ies  of that stage or of one o r  m o r e  of the succeeding stages. Dis- 
continuities of these  succeeding stages may be a result of interaction  ef-  
fec ts  due t o  unsteady f l o w  i n i t i a t ed  by progressive s t a l l  of the f irst  
stage. The particular  operating  point of the campressor at the speeds 
where multiple  curves exist depends on the ,manner i n  which that operating 
point i s  qproached. More than two performance  curves ,may be obtained at 
a given  speed i f  the number of stages  affected. by interaction v d e s  or  
i f  the severity of interactions  vaxies. 

B 
k 
d 

The dip obtained i n  the experFmentaJ"y  determined  surge or complete- 
P r v  campressor-stall-limit lines of high-pressure-ratio  axial-flow compres- 

sors  appmently i s  merely a result of t ransi t ion from compressor  opera- 
t ion  with the  front  stages staUed to  operation with these  stages un- 
s ta l led .  The intermediate-speed lFmit obtdned by normal camponent test 
techniques may not be representative of that o b t d n e d   i n  an engine at the 
same speed.  Furthermore, the engine ccmplete-compressor-stall limit ob- 
tained  during  accelerations may be different frm that obtained  during 
decelerations. 

* 

This analysis  indicates that extremely  poor  p&-speed efficiencies 
cannot be attributed entirely to stage mfamatching but can t o  a large ex- 
tent  be a t t r ibu ted   to  stage interactions or deterioration of stage per- 
formance due t o  unsteady flow result ing from rotat ing stall  originating 
i n  the inlet   s tages .  The magnitude of interaction  effects f o r  each stage 
and the number of stages affected will determine the reductions i n  per- 
formance at low and intermediate  speeds. 

Hysteresis  effects  in the unstall ing  characterist ics of the first 
stage do not a l t e r  the existence of double-valued performance  curves at 
intermediate  speeds. The existence of large  unstalling  hysteresis  in 
conibination w i t h  severe  discontinuities  in  stage performance may pre- 
vent unstalling of the  inlet   stages  unti l   very high speeds are obtained. 

D 

I 
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With respect  to  part-speed  efficiency and intermediate-speed cam- 
plete  cornpressor stall,  thfs  study  indicates the desirabi l i ty  of stages 
having  continuous  characteristics at the i r  s t a l l  points. It should  be b 

noted that these stage.  characteristics .must be ma;Lnta.ined  when the stage 
i s  operating i n  the flow environment  of the multistsge campressor.  Stages 
of this type  generally have a progressive stall that .or iginates at one end 
of the blade and gradually  increases i n  severity as the flow coefficient 
ie decreased. Design of such stages depends on a better knowledge of the 
effects  of unsteady  flow and of radial tnddistribution of flow, which 
result from of-sign operation of adjacent stages. The stage data and 5 
over-all co,mpressor performance  ch&ra.cteristics obtained fram the lO-stage Ec) 

compressor  of reference 3, howi=ver,-indicate that these desirable stage 
characterist ics can t o  a degree be achieved. Although the  use of st-s 
having progressive s.tall may alleviate the part-speed  efficiency and 
complete-compressor-stall problems, it woula no t  a l leviate  the potential  
of blade vibrations  excited by rotating stall. 

Increasing the stall-free range of operation of the inlet stages 
would, of course,  increase the range of stall-free operation of the multi- 
stage campressor.  Inamuch as the   par t -sped problem i n  the .multistage 
campressor resu l t s  from flow limitations of the exit stagea, stage range 
with respect  to  off-design performance  can best be evaluated on the basis " 

of flow range at the discharge rat-ber tha..t.&t._.at.tbe ;bnlet of the stage. 
Therefore, devices or  design improvements that  would increase the stage- 
loading  limit  or  flow range must be evaluated t o  determine  the  potential 
gains in   effect ive  s tage range. 

-. 

c 

.' 
Wre camplete data on effects  of stage design and blading  geametry 

on stage stall chwacterist ics,  as w e l l  as a better understanding of etage 
interactions due t o  radial mddistribution of flow and unsteady  flow as 
encountered i n  multistage compressors, are required i n  order t o   o b t d n  a 
more quantitative  evaluation of part-speed  performance. 

Stage-Matching Camprcrmises 

One proposed  technique of imprwing  part-speed  performance i e  t o  
camprcmrise stage ,matching t o  favor low-speed operation of the compressor. 
The analysis of t h i s  technique  indicates  that such compromises severely 
reduce the complete-compressor-stall margin unless  additional  stages 
are used. The higher flow coefficients of entrance  stages may permit 
the use of a s l igh t ly  smaller compressor fo r  a given flow capacity, but 
thfs advantage would be offset  by the necessity of an  additional  stage 
to  obtain the required  complete-compressor-stall  margin.  Furthermore, 
no gain i n  the range of speeds where no ro t a t ing   s t a l l   ex i s t s  is ob- 
tained  except near the exit-vane choke l i m i t .  Stage compromises tend 
to  result   in  progressive stall i n  the middle stages at speeds above that 
f o r  stall of the inlet stage. Thus, the  potential  for  abrupt stall, in- 
teraction  effects,  and  poor  intermediate-speed camplete-campressor-stall 

i 
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characterist ics would be @eater  for  the compromised design. No reduc- 
t ion  in the  potential  of blade  vibration excited by rotat ing s ta l l  is 

performance would def ini te ly   res t r ic t   the   obtainable  overspeed  perform- 
ance of any  compressor. 

. indicated.  Furthermore,  stage-matching compromises to  favor  part-speed 

Variable Geometry 
PC 

M 
in In le t   baf f les .  - As indicated in  chapter X I ,  the use of  Ebdjustable 
M i n l e t  blockage e i ther   in  the form of baffles  or ramps may disrupt the 

periodic  nature of rotat ing stall  and  thus  present a potential   solution 
to  the  blade-vibration problem. Preliminary tests of a hub baf f le  (ref. 
9) indicate that the use of such a ba9fle may a l s o  result in some im- 
provement i n  the complete-compressor-stall o r  surge margin a t  low speeds. 
In addition, baffles may be used at hi@ speeds t o  reduce the compressor 
mass flow and, therefore ,   to   act  as a thrust-spoiling  device. 

Adjustable blading. - Adjustable inlet guide  vanes  and  adjustable 
s ta tor  blades have a lso  been  proposed as variable-geometry features f o r  
a l leviat ion of part-speed performance problems and improvement of f lex i -  
b i l i t y  of engine  operation. The satisfactory  application of such  adjust- 
able  blading, however, depends on a knowledge of the variations of stage 
matching  and radial   d is t r ibut ion of flows that resu l t  from blade adjust- 
ment. As indicated in  references 10 and IL, closing  the inlet guide  vanes 
reduces  both  the  flow  coefficient and pressure coefficient of the first 
stage. This change in pressure  coefficient  ten& t o  moderate the decrease 
in   f i rs t -s tage flaw coefficient so that the  flow  coefficient of the second 
stage is not  .appreciable  altered. The operation of middle and la t ter  
stages,  therefore,  tends  to be primarily a function of compressor  speed 
and thrott l ing  rather  than of inlet-guide-vane  position. Thus, closing 
the inlet guide  vanes resu l t s  in an  appreciable  reduction in flow but o n l y  
a small reduction in over-all   pressure  ratio  for the compressor. This, 
in general, improves the  complete-compressor-stall-limit o r  surge-limit 
characterist ics.  O f  course, when the guide vanes are opened, the  converse 
is t rue.  References 10 and ll also point  out that closing the i n l e t  guide 
vanes alters the radial variation of loading of the first rotor  as a r e su l t  
of the establishment of radial equilibrium of static  pressure.  This 
radial   variation of loading is In the direction of increasing the value 
of flow coefficient a t  which t i p  s ta l l  is encountered and thus w o u l d  tend 
t o  reduce the effectiveness of guide-me adjustment in  relieving the 
part-speed  operating problem. Furthermore, a l te ra t ions   in  radial distri- 
bution of f low and blade loading may affect the stalling character is t ics  of 
the individual stages. Adjustable inlet guide  vanes have, however, been ef- 

and adgustable  guide vanes and stators  provide a potential  technique  for 
improving the   f l ex ib i l i t y  of high-pressure-ratio compressor operation 
without sacrificing  design-point  performance. The added weight  and corn- 
plexity of the engine and its control  system must be  considered, however. 

* 

* fect ively used as a means of improving  engine  acceleration  characteristics, 

- 

I 
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Compressor a i r   b leed.  - Compressor-discharge bleed has been  used 
e f fec t ive ly   to   a l te r   the  matching of the compressor and.turbine at par t  
speed so  as t o  avoid  serious  intermediate-speed  complete-compressor- I 

stall problems ( re f .  1 2 ) .  This  technique, however, does not eliminate 
the  potential  of blade  vibrations  instigated by ro t a t ing   s t a l l .  Inter- 
stage air bleed in the multistage compressor has the  potential  of effec- 
t ively  a l ter ing  the matching o f  t he - in l e t  and exit stages and, thus, 
appreciably  reducing  the  speed at which rotating 8tall.h encountered, 
as well as improving the  complete-compressor-stall o r  surge margin a t  PI 

intermediate  speeds.. The computed effects of bleed on a 16-stage ccq- 3 
pressor  (ref.  13) indicate improvements in  efficiency a t  par t  speed even 
when the compressor is charged  with  the work added to  the  bleed air. 
Care m u s t  be  exercised  in  design of bleed  ports to avoid  resonance  with 
adjacent  blades a s r l  t o  avoid  serious  distortions of flow distribution 
in   the   v ic in i ty  of the  bleed  ports. The use of interstage  bleed w i l l  
add some weight and complexity to   the  turbojet  engine  but,  in  general, 
offers improvement ig regard  to  intermediate-speed complete-compressok.- 
s ta l l  or surge  margins  and to  blade-vibration problems result ing from 
rotat ing stall.  

- 
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TABLE I. - REFEBENcFf-pOm VALUES 

( a )  Cases I, 11, and 111 - 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
u- 
12 

I 

1 0.8431 
8510 - 8547 
858Q 

~ 

.8630 

.8695 

.87  20 

.87 80 
I .8835 
1 .8875 

.89 20 

.896? 

Stage Area r a t i o "  

9 
10 
11 
1 2  

0.9009 
.89  29 
.8889 
,8857 
.8818 
.8803 
.8606 
.8651 
.8787 
.8850 
.a857 
.8889 
.8897 

Mean-radius 

r a t i o  
s u m r a t  i o  radius ra t iob  
Stage  pres- Hub-tip 

1.071 0.5000  1.179 
1.046 .6063 

1.E9 .917 3 1.0045 
1.166 .9068 1.0055 
1.172  .8943 1.007 
1.179 .8794 1.008 
1.186 .8613 1.010 
1.192  .8389 1.012 
1.198 .8120  1.015 
1.202  .7779 1.019. 
1.204 .7348 1.025 
1.203 .67 95 1.033 
1.196 

(b) Cases IV ana v 

Mean-radius 
radius rat iob 
Hub -t i p  

rat i o  

I. 046 

.7623  1.018 

.7 246 1.022 

.6810  1.026 
,6299 1.031 
.5696  1.038 

0.5000 

.9 100 1.006 

.9003  1.006 

.8867  1.007 

.8709 1.008 

.8516 1.010 

.8261 1.014 

.7 944  1.018. 

Stage 
pres- 
sure 
rat i o  

1.136 
1.157 
1.173 
1.186 
1.197 
I. 205 
1.210 
1.205 
1.198 
1.193 
I. 189 
I. 183 
1.177 

Flow 
coeffi- 
cient 

0.760 
.741 
.723 
.705 
.686 
.668 
.650 
.650 
.650 
.643 
.636 
,630 
.626 

Pressure 
coeffi- 
c i en t  

0.231 
.252 
.270 
,287 
.304 
.320 
.335 
.335 
.335 
.x0 
.346 
.350 
.353 

.- 

. 
.- 

m 

aRatio of exit to-.inlet area f o r  stage. 
bRatio of exit t o  -inlet mean radius for stage. 
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- Figure 3. - Assumed performance  characteristics f o r  negative values of 
pressure  coefficient for all s t a g e s .  
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t specific weight f l a  
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l-O r (a) Speed. 100 percent of reference. 
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(b) Speed, BO percent of reference. 

/ 

/ 

t 

s t w e  

(c )  Speed, 50 percent of reference. 

~ i g u r e  5. - stageulee variation of f lm coefflcient lor 0-0 I. 
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Figure 6 .  - Relation of s t a g e   s t a l l  and over-all  compressor  performance 4 
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‘4 

Specif ic  weigheflow 

,(a) Front stage unstalled. 

Figure 8. - Computed over-all perfomnce for ca8e II. 
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4 8 12 16 20 24 28 32 
Specific weight flow 

(b) Front  stage  stalled and Interactions in  etages 2 to 4. 

Figure 8. - Continued. Computed over-all performance for  ca8e 11. 
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(c) Composite  performance  (superimposition of figs. 8(a) and (b)). 

Figure 8. - Continued. Computed over-all  performance f o r  case II. 
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(d) Transition from stalled t o  unstalled i n l e t  s tage on exit-vane 
choke l ine .  

Figure 8. - Concluded. Computed over-all  performance f o r  case 11. - 
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0 

Figure 9. - Assumed perf-ce chafactcistics.for etfrges. 5 
to 8 fo r  case 111. 
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4 8 12 16 20 24 28 32  36 
Specific weight flow 

a 

(a) Front stage stalled and interactions in etages 2 to 8. 

Figure 10. - Computed over-all performance for case III. 
c 
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4 8 12 16 20 24 28 32 36 40 
S p e c i f i c  weight f low 

(b) COInpOf3ite PerfOrWCe  ( superimposi t ion  of figs. 8(a) and lO(a)). 

Figure 10. - Concluded. Comput-ed over-all   performance for c a s e  111. 
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Specific weight flow 

Figure U. - Comparison of computed per- 
formance at 85-percent speed for cases 
I to III. 
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(a) Over-& performance. 

Figure 12. - Computed over-all performance far-case YY. 
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Specific m i g h t  fluw 

(b) Stage stall limits. 

Figure 12. - Continued. Computed mer-all performance for case IV, 
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Percent  refepence-point  apeclflc  weight f l W  

(c) Comparison of stall limits f o r  cases I and N. 
Figure 12. - Concluded. Computed o v e r - a l l  performance for caae IV. 

. . 
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Specific  weight flow 

(a) Over-all  performance. 

Figure 13. - Computed  over-all  performance for case V. 
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. .  

(b) Stage  stall  limits. 

Figure 13. - Continued.  Computed  over-all  performance fo r  caae V. 



NACA RM E56E03b 125 

12- I I 
Reference 
point, - / 
case V 

Case I \ I/ / y  

/ 

11 . / 

s . , . , . . ,  

”” “Case V . a * -  - - - - Complete-cmpressor- I /  

”- 

9 

8 
0 
r( 
+J 
Id 
k 

k 

aJ m 
k 

e 7  

2 

? 6  
rl 

0 
Id 

rn 
5 

4 

3 

2 

1 
20 30 40 50 60 70 ao 90 100 110 120 

Percent  of reference-point  specific weight f lw 

(c )  Comparison of s t a l l   l i m i t s  f o r  cases I and V. 

Figure 13. - Concluded. Computed over-all  performance for ca8e V. 
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CHAPTER XIV 

THREE-DIMENSIONAL COMPRESSOR FLOW m0RY AND REAL FLOW EFFECTS 

By Howard Z. .&mi@; and Arthur G. Hansen 

SUMMARY 

The discrspancies  observed between the actual  f l o w s  ix an a x i a l - f l o w  
compressor and theoretical simplified design flows increase in magnitude 
and divers i ty  with the treud towarn more compact compressors. The re- 
search in to  design  procedures to reduce these discrepancies i s  revfewed 
and discussed. The improved design  procedmes are a rb i t r a r i l y   c l a s s i f i ed  
in to  two categories. One category includes  investigations that succes- 
sively extend the design  procedures from the simplified-radial-equilibrium 
&ally symmetric designs t o  the complex complete  three-dimensional de- 
sign. The second  category  includes  individual  studies of more restricted 
problems such as secondary  flows, radial vwia t ion  of circulation,  entro- 
py, or  enthalpy. Such research leads to more adequate  correction  factors 
f o r  use with simplified design  procedwes. 

I ~ O D U C T T O N  

O n e  of the most important problems i n  the aerodynamic design of com- 
pressors i s  that of expressing the design flow equations i n  forms that 
are at once simple enough and accurate enough. The equations  and their 
solutions  should be simple enough that the designer can see the re la t ive  
significance of the variables he i s  free to specify, and it must be possi- 
ble to solve the relations  quickly. The latter is important because it 
i s  frequently  necessary to compute m a n y  compressor designs i n  order t o  
select  the one most suitable for a particular  application. The equations 
and their  solutions must represent the flrrid motion accurately enough that 
the discrepancies between predicted and  measured flow conditions.are ac- 
ceptably small. 

The equations of motion f o r  the f l o w  of a real fluid i n  an axial"flaw 
compressor are nonlinear  three-dimensional  equations and to date have 
proved  mathematicalljr intractable.  Accordingly,  designers  have  evolved 

which solutions can be obtained. Such procedures are necessarily  condi- 
t iona l  upon obtaining physically valid flow  descriptions by their   use .  

1 the use of various asswptions t o  obtain reduced l i n e a  f l o w  equations for  
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I n  practice, the aerodynamic design of .subsonic  compressors has usu- 
ally been based on two principal assumptions: (1) axially symmetric flow 
and (2) blade-element  flow. The asdally syrmnetrfc flow assumption i s  
primarily a mthematical  devimwhich  reduces the general  flow  equation 
from a three-dimensional -Lo a two-dimensional system. In order t o  line- 
ar ize  and further simplify  the flow equation!, . ~ ~ ~ a l  auxiliary flow 86- 
sumptions are made ,  such as considering  the flow t o  b e  n6nviscous  and 
time-steady.  Additional  asaumptions  often made within  the  axial-symmetry 
approach  include  simple radial equilibrium  and  constant  entropy  radially. 

The assumption of blade-element  flow  enables the desigper t o  use the 
performance data (obtained  chiefly from  two-dimensional-cascade invest i -  
gations,  ch . V I  ( ref. 1) ) i n  the compressor b h d i n g  design. ~n fine,  the 
over-all  advanced  compressor  design requires a cambaed  approach. It is  
necessary t o  shrplify the mathematical problem i n  order t o  obtain solu- 
tions readily; and it i s  likewise  necessary t o  use empirical  information 
obtainea in  related  investigations i n  order to   correct ,  as far as possi- 
ble, for the discrepancies between the   r ea l  and the design flows i n   t h e  
compressor. 

In the past, suitable compressors have been  desfgned by th i e  simplL. .- 
fied desigp  procedure.  Ekperience ha6 taught. that, by adhering t o  well- 
established limits on in l e t   r e l a t ive  flow Mach numbers, blade-turning  and 
-loading  parameters, wheel speea,   pressur6  ratios,  and others, designers 
can consistently produce satisfactory compressors. From a practical  point 
of  view, these  resul ts   just i fy   the axia l -symmetry  and  blade-element-flow 
approach t o  the  desigp of such  compressors  (ch. I11 (ref. Z ) ) ,  herein 
called  "conservative compressors ." . .. . . .  

. . . .. 

However, with the present  reqyirements of compact engines, it be- 
comes necessary t o  increase the air-f low-handling capacity  and the stage 
pressure  ratios  maintaining or even 'improviig the  efficiency i f  
possible.  Therefore, the Mach numbers, wheel speeds, and blade loading 
must be allowed t o  r i s e  while the hub-tip radius ra t io ,  the e x i a l  length 
per stage, and the number of stages must go down. Thus, the higher com- 
pressor performance requrement B make it de sirable t o  exceed the de sign 
limits ea r l i e r  found advisable for conservative compreasor design. I n  
addition,  such  problems as blade-row' interference, unsteady-f low phenom- 
ena,  and off-design performance may become increasingly  important. 

c?lan@jng design condittons i n  order t o  meet increased compressor per- 
formance  requirement^, of course, requires  corresponding  adjustmente in 
design techniques. These follow several  courses.  Particular f low prob- 
lems may be attacked by intensive  theoretical  and experimental studies 
l imited  to  the s p c i f i c  problem at hand. Such studies. are directed toward 
learning enough about  the  nature of the flow process  involved  and the mag- 
nitudes of the e f f e c t s   t o  enable tUs information t o  be incarporated  into 
the design approach.  Results of such studies 

' theorat ical  design procedures i n  which one or 
p u y i n g  assumptions (e. g., simplified radial- 

. .  " - have ma& available modified 
more  of t& awdlisry eim- 
equilibrium)  can  be avoided 

s 

- . .  
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{ref 8 .  3 t o  8) . These have been  called. "improved" &ally symmetric de- 
signs. O r ,  the information may take tLe form of new empirical design 
c r i t e r i a  o r  blade shapes, that I s ,  new blade-loading and flow Mach number 
c r i t e r i a .  The diffusion  factor 2 s  a pertinent example (ref. 9) . 

Eventually, the trend toward high power output  with  efficiency and 
compactness results i n  a condition wherein the  discrepancies between the 
r e a l  and  the design flows may no Longer be encompassed by quantitative 
correction factors and improved &al-symetry theories. In order   to  
0btai.n physica3ly  valid  descriptions of such rea3  flows, further advanced 

reference 10 i s  ci ted as an example. 

w 
tP cn 
rn design  approaches must be found. The three-dimensional-flow theory of 

I n  v l e w  of the importance t o  compressor designers of findlng satis- 
factory  solutions for these design problems, it i s  has- surprising that 
there should exis t  an already extensive and now rapLdly gruwing body of 
related literature. This paper summarizes and reviews some of this lit- 
erature and includes examples of improved axisymmetric  design  theories 
as w e l l  as examples of further advanced design approaches. Because of 
increasing  importance, blade-row interference  effects and time-unsteady 
ef fec ts  are also discussed,  despite  the  fact   that  only crude beginnings 
have  been made toward solutions of these complex problems. 

0 

F 

D/DT 

3 

H 

h 

I 

SYMBOLS 

The following symbols are used in this chapter: 

ion different ia t ion w i t h  respect t o  time following the mot 

blade force  acting on gas part ic les   per  unit mass of gas 

magnitude of 3 

t o t a l  o r  stagnation  enthalpy per unit mass of gas, h + ($/2) 

static enthalpy  per unit mass of gas, u + (p/p) 

(V'p uz modeied  total  enthalpy, h + "- - H - d r v e )  

n 

. 
polytropic compression w o n e n t  
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P 

Q 

R 

r 

S 

t 

z 

r 

Y 

s t a t i c  o r  stream preseure 

external heat added t o  gas per unit maas per unit time 

gas anstant 

r a d i u s  

entropy  per  unit mass of gas 

static or  stream  temperature 

magnitude of B 

vector  velocity of ro to r  blades at radius r 

internal energy per unit mass of gaa 

magnitude of 

absolute  vector  velocity of gae 

magnttude of 

vector  velocity of gas relative t o  rotor blade 

coordinate along axis 

circulat ion 

r a t i o  of specific  heats 

absolute vort ic i ty   vector  

polytropic ef f iciency 

i 
" 

rl 
L 
-. x 

. 
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4 
r 
d 

w -  

e angular  distance 

P viscosi ty  

V kinematic  viscosity 

P mass density 

?: time 

4, viscous dissipation of energy per unit volume of gas per unit time 

cu angular velocity of r o t o r  

Subscript s : 

r rad ia l   d i rec t ton  

t axial  direction 

e tangential  direction 

DESIGN ASSUMPTIONS 

The chief  desideratum i n  compressor design i s  t o  perceive  the most 
advantageous compromise between ease of obtaining possible design mlu- 
t ions and magnitude  of the resulting inaccuracies. It i s  c l e w  that the 
present  trend tmzd  higher-power-output, more coqact ,  and yet more ef- 
f i c i en t  compressors requires shifting the compromise poin t   in  the direction 
of  fewer simplifying assumptions, despite the increased complexity of the 
calculation  procedures  involved. The first prerequlsite, however, i s  a 
better understanding of the physical  significance of the various  design 
assumptions  and their ranges of applicabili ty.  

The assumption of &ally symmetric flow i s  one of the two most im- 
portant  assumptions  used i n  Mal-flow-compressor  design. By this assump- 
tion, all the part ia l   der ivat ives  of the  gas  properties Wi&& respect   to  
the angular coordinate  are  taken  equal t o  zero. The system of flow equa- 
t ions i s  thereby  reduced to a two-dimensional system, i n  which the gas 
properties are functions of the axla1 and radial coordinates  only. Basi- cally, t h i s  i s  equivalent to assuming the three-dimensional flow through 
13 blade row can be represented  sufficiently accurately, at a measuring 
stat ion between blade rovs, by a c i rcmferent ia l  average of the flow 
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conditions at each radial position. Symmetry about the axis  of rotat ion 
does, of course,  obtain for the Ij-miting case of an infinite number  of 
blades. Thus, one way of envisioning axtally symmetric flow i s  t o  con- 
sider the flow as being  restricted t o  hy-pothetica  flow  surfaces, as fol-  
lows : Consfder the number of blades i n  t k .  b l a e -  row- tp inc rease  without 
bound, i n  such fashion that the  ra t io  of the spacing t o  blade thickness 
remains canstant. Then the spacing between blades  approaches  zero,  and 
the  thickness of the bLades apprcxches zero, -SOTha% the two blade-em- 
faces and the space  between them approach a man sui-face. The stream- 
lines are  confined  to. such a mean surface. 

. .  

Mathematically, the assumption  serves to  simplify  the  calculation 
problems. Physically, the assumption of &ai symmetry, at least between 
the blade rows, i s  so~newhat-Justified,  bedause i n  a compressor, where 
adjacentblade- rows ro ta te   re la t ive   to  each  other, the blade-row  incidence 
angles  can be correct only f o r  an  average exit flow from the preceding 
blade row. As t o  design, the assumption of axfal symmetry enables the 
designer t o  fix his attention on the radial distribution -of the gas prop- 
ert ies at a s ta t ion between blade rows by averaging  out f&e gas-property 
va r i a t ions   i n  the circumferential  direction. 

Simple radial equilibrium. - An auxiliary  simplifying  assumption that 
has been  found  convenient i s  the assumption of simple radial equilibrium. 
The condition of simple radial eqyzilibrium further  simplifies the flow 
equations by considering radial accelerations due t o  curvature of the 
streamlines i n  the radial-axial plane  cqual to   zero.  Physicall.y, this 
assumption does nOixnean that radial velocity components are zero,  but 
that the-acceleration due to curvature of the flow path i s  negLLgLble. 

As the trend shifts toward higher aspect  ratios or toward transonic 
and  supersonic  compressors, this assumption becomes increhsingly  inappro- 
priat-e for two reasons: (1) 'fie  requirement of high mass f l o w  per u t  
f ronta l  area i n  such compressors necessitates low hub-tip radius r a t io s  
i n  the f i rs t  stages, with attendant high curvature of the  annulus walls 
and large  aspect  ratios. High pressure  ratios  per  stage  generay mean 
tapered  passages. (2) Main-f low radial displacement due to boundary- 
layer accumulations,  especially i n  the s.l;ator hub re@ons, may a6sume 
sizable  proportions a t  the higher Mach numbers as a re6ul t  of secondary 
flows. These factors combine to  qualify  seriously  the physical va l id i ty  
of the simple-radial-equillbrim condition. 

Constant  entropy radially.  - Another auxiliaxy  simplifying assump- 
t i on  of ten used for compressor design i s  that the radial variation of 
entropy i s  zero. -5adial variation of entropy depends upon viscous dissi- 
pation of energy and upon radial variations of heat  transfer  to or from 
the campre8sor. In   the absence of cooling,  the heat transfer t o  or f r o m  
a compressor i s  negliglble. The entropy  gradient  can be considered  negli- 
gible i n  the  inlet   stages at all radii except I n  the blade end reglons. 

.- . .  

.. . 

V 
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In conservative  compressors,  therefore, the a s s u p t i o n  of  zero varia- 
t ion  of entropy  radially is reasonable, at least f o r  the i n l e t   s t age  

creased  losses and corresponding  entropy rises result i n  increased 
secondary-f low effects . The attendant redistribution of increased- 
entropy f lu ids  leads t o  nonnegligible radial entropy  variations. In  
general, this i s  the physical  situation, at least i n  the rear stages 
of compressors. I n  these stages, if constant  entropy radially i s  not 
assumed, agreement  between  design and ac tua l  flow conditions may be 
considerably improved. 

s (ref.  11 and ch. V I I I  (ref. I)). Flow conditions that resu l t   in   in -  

Blade-Element Flow 

The assumption of blade-element  flow i s  an  important  assumption  used 
i n  conjunction  with  the  axisymmetric  approach. Both theoret ical  and ex- 
perimental  considerations  are  involved. Underlylng the assumption  of 
blade-element flow i s  the physical assumption that stream surfaces through 
a blade r o w  are  largely  undistorted and that the fluid, by and  large, re- 
mains on nearly  conical  surfaces,  independent of the radial gradients. 
This assumption implies that the flow  about  any blade section or element 
remains  the same regardless of whether the  section i s  i n  a two-dimeqsional - cascade or  i n  an arbitrary  rotor  configuration. 

The blade-element character is t ics  me obtained from measurements m& 
on similar blade sections, usually in two-dimensional cascades (ch. 
influences of the end-wall born- layers by mema of various  devices 
such as porous-wall  boundary-layer  suction, and so forth. Empirical 
correlation formula8 are thus  obtained for the flaws about the  blade 
sections  for wide ranges of blade-setting angles, so l id i t ies ,  and flow 
velocit ies.  In recognition of the influence of three-dimensional flows 
and the wall boundary l aye r s   i n  annular configurations,  experimental 
data axe likewise  taken from tests in such configurations (ch. VII (ref. 
1)). Correlations are obtained  for the performance of the blade sections 
at various radial positions  spanwise.  Empirical loss fac tors  are thus 
developed t o  account for the viscous  losses that mise in flow throwh a 
blade row. As a resu l t  of continuing  experiments, there is a large grow- 
ing body of such  information and data on corqpressor blade row8 available 
f o r  use  (chs. IV t o  V I 1  (refs. 1 and 2) ) .  

- VI (ref. 1)). Strong  efforts are made t o  eu-te the  dis tor t ing 

When large  deviations from the physical assumption of flow on conical 
&aces  independent of radial.  gradients OCCUT, the flow  estFmations based 
on blade-element  flow become correspondingly more inaccurate. A t  higher 

distortions  also  increase, from secondary-flow  boundary-layer  displacement 
phenomena, f o r  example. Under these conditions  the combined assmptions 
of a x i a l  symmetry and  blade-element  theory may no longer  give a satisfac- 
tory,  physically  valid flow picture at a given meas-ng station. Con- 
siderable research is being  devoted a t  present t o  obtaining more insight  

- inlet Mach numbers and  increasing  stage  pressure  ratios, stream surface 
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i n t u - t h e  nature of the losses that result from flow through a blade row 
and t o  obtaining better methods of accounting-  for  the lasses than is - 

afforded by current  blade-element -f low theories. r 

Improved &sign %-oSes 

High-output compact axial-flow  compressors, i n  order  to outperform 
conventional  compressors, must be designed t o  operate at higher relat ive 
flow Mach numbers, wheel speeds, and blade loadlng, with lower hub-tip .g 
rad ius   ra t ios  and ax ia l  Length per stage, and with fewer stages. Experi- 8 
ence indicates that under these conditions the r e a l  flows in compressor 
configurations are different  locally from those  predicted by the siIlgel;ified 
design methods to   an  extent  which suggests that the sfmplifying assump- 
t ions  therein may be qualitatively as well as quantitatively wrong f o r  
such applications. The quantitative  differences arise from augmented 
boundary-layer phenomena such a6 viscous  losses,  separatimreffects, 
clearance effects, secondary-flow effects,  and others as..weU. The qual- 
i tat ive  differences  include  large  distortions in the mainstream flow BUT-  
faces. N e a r  sonic  velocities,  the secondary-flow distribution may change 
dras t ica l ly  from that at subsonic flow conditions (ch. XV), with result ing 
large  local  accumulations  of l o w - e n e r a  fluids  t&at..give. rise t u   l o c a l  - 
blockage effects.  Likewise, near sank velocities, small changes i n  flow 
area mean large changes in flow Mach number. 

.. 

. .. 

Thus, even minor deviations from predicted  flow  directions and -ex- - .  

pected boundary-layer behador (due t o  secondary-flow effects  or t o  three- 
dimensional effects ,  e .g. 1 can cauge large deviations from design flow 
conditions. A s  a result of these deviations, measurements in compressors, 
par t icular ly   in   the blade end &@om, show the followiw major discrepan- 
c ies  from design predictions  based on two-dimensional-cascade data (chs. 
VI and V I 1  (ref. 1)): (1) Integrated  total-pressure  lossea  acros~ the 
blade row are greater than predicted from  blade-element  theory, (2 )  flow 
directions  deviate from those  predicted at  the blade-row =*-and (3) 
the  operating  range of angle of attack  (without sharp r i s e  i n  losses) is 
different from that predicted. The measurements further Fndicatethat  
these blade  end-region  effects may account f o r  half the  observable 10S6eB. 

- 

To the designer  seeking t o  achieve high-perfnrmmce compressors, this 
increasing  inabili ty t o  approximate sa t i s fac tor i ly  the real flow8 i n  actu- 
al  compressors by means of idealized  flows  through  simple  configurations, 
with corrections  forthe  anticipated  differences between the real  and the 
simulated cases, presents problems that must be  solved. The importance 
of incorporating  progressively more complete solutions of the flow  equa- 
t ions   in to  compressor  design  procedures has led t o  a ser ies  of experi- 
mental and theoretical  investigations. The research toward improved com- 
pressor design procedure8 falls  roughly i n t o  two categories. One phase 
of this research has been  devoted t o  Ufting the  restrictions on the  de- 
sign flow  calculations - that i s ,  using a more exact  basie  for design. 

!- 

. .  " 
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The resu l t s  of these investigations appear i n   r e p o r t s   f o r  proposed  design 
procedures  such as improved  axfsymmetric,  quasi-three-dimensional- and 

t o  m a k e  a ser ies  of individual  studies of more restricted problems within 
a chosen  over -all design  approach. 

a three-dimensional-flow  solutions.  Another  phase of the research has been 

The succeeding  sections of this report  present brief r e v i e w s  and 
discussions of some of the investigations  into  both  aspects of the com- 
pressor  design problem. A brief section is  devoted t o   t h e  timewise 

and s ta l l ing  phenomena (see chs. X I  t o  XI111 . 
w 

Lu 
cn tP variations  of the gas properties in compressors  exclusive of the surging 

COMPRESSOR DESIGN TBEORIES 

Basic  Equations 

Following reference 3L the state of a gas i n  motion may be specified 
i n  terms of i t s  velocity V and two thermodynamic properties,  enthalpy 
per unit mass H and  entropy  per unit mass S. These me defined by 

. 
H = ~ + T = u + ~ + F  v2 v2 

P 

The equation of state for a perfect  gas i s  

As given i n  reference 3, the Navier-Stokes  equation of  motion f o r  a real 
fluid with constant  viscosity is 

The energy  equation i s  

A 

The continuity  equation i s  
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Equations (1) t o  (6) are combined to giVe- .Emral  flow  equations (7) 
t o  (10) . 

expresses the instantaneous  gradient- o f - , t a . U t h a l p y  at a measuring .- 

s t a t i o n   i n  terms of blade  force.,  viscous forces, velocity,  entropy gradi- -cu .ln 

ent,  and so for th .  For design purposes, the desired velocity diagram and 3 
thermodynamic properties of t i e  gases are determined at measuring stat;ions 
between successive blade rows. I n  such  locations, the blade force 9 i s  
zero,  and  the flow i s  generally presumed time-steady; that is,  aV/& i s  
zero. The last term i n  equation (71, i n  the brackets,  represents the 
r e su l t s  of vlscous  action. I n  reasonably  efficient flow, at least I 

throLigh the main flow except i n   t h i n  boundary-layer  regions, this term . .  

i s  smdl. Therefore, f o r  design  purposes,  .the last term i s  considered - 

negligible . 

.. 

The flow at  the measuring s ta t ion i s  considered  inviscid.  Physical- 
ly, this is equivalent  to assuming that the  variations in velocity  caused 
by viscous  effects   in  the fluid i n  the  spaces between the blade rows are 
small compared w i t h  the variations i n   v e l o c i t y  at those  stations which 
are the r e su l t s  of viscous  dissipation  within the blade rows upstream. 
D f i s  appears in general to be a reasonable.  assumption. A t  any rate, the 
correction factors used t o  account for boundary-layer effects  can accom- 
modate such  viscous losses as may axise i n  the space between blade rows. 

A 

P 

. _  

Equation ( 7 )  thus becomes 
. 

where Vxv i s  the  absolute  vorticity f of the fluid. Thus, the modi- 
f ied equilibrium  equation" 

VH. = W S  + Fcf (7b) 

shows how the gradient i n  t o t a l  enthalpy at a measuring s tat ion i s  rela- 
ted t o  the g a d i e n t  of entropy and the absolute vorticity of the f lu id .  
The aerothermodyrmrdc equations f o r  rotating blade rows can be expreseed 
more conveniently i n  terms o m l a t i v e  velocity  vector 71, entropy 6, 
- and a quantity I i n  place,  respectively, of absolute  velocity  vector 
V, entropy S, snd t o t a l  enthalpJr H. The relati-e quantities I and. 
vl aze defined as follows ( r e f .  8 )  : 
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- In cylindrical  coordinates, with z-axis  (of machine) p a r a l l e l   t o  

'Ilhe modified equilibrium equaCion f o r  a rotat ing system can thus be 
written 

VI = tVS + v q  ( 7 4  

Eaergy equation. - The energy  equation i s  

The substantial   derivative D/D% indicates that the   var ia t ion   in  total 
enthalpy of a p m t i c l e  along i t s  streamline path from stat ion to s ta t ion  
i s  expressed by equation (8); whereas, equatlon (7) is used to define 
the var ia t ions   in   to ta l   en tha lpy  from streamline t o  streamline a t  a f ixed 
station. The rate of change of t o t a l  enthalpy per uni t  mass of f luid 
along a streamline i s  seen i n  equation (8) to be a function of the rate 
of external heat addltion Q, the rate of  viscous  iIissipation of useful 

by V-9, and the viscous effects on the veloci ty   dis t r ibut ions as qeas- 

ured by the last term v[V% + 1 V@-m]. I n  the case of steady real 

side of equation ( 8 ) .  For the real flow through a s t a to r  blade row, all 
the terms on the right side are usually small enough t o  be ignored. 

P 
P m '  energy  along  the path @/p, the rate of work done by the blades, measured 

" 

* flow  through a rotor,  the V - 9  is. the predominating t e r m  on the right "3 

For nonVLscous flaw, the energy equation becomes 

Thus, the energy equation  for nonvLscous flow  through a s ta tor   in   absolu te  
quantit ies i s  writ ten 
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Correspondingly, i n  terms of relative  quantit ies. ,  the energy equation f o r  
nonviscoua flow through a rotor  i s  writ ten 

According t o  this e q w t i m ,  f o r  steady  adiabatic flow the  entropy  and the 
quantity I remain constant along relative streamlines through the rotor. 
For steady  relative flow, the rate of change of- I along a streamline N 
is proportional  to  the change of Q along  the  streamline..  In  addi- In 

rotating blade rows, the relative quantit ies  help  greatly  in  clari-  
fying  physical  occurrences  in nonviscous f l u i d  flows in   ro ta t ing  
turbomachine s . . ." 

t ion  t o  t he i r  convenience  mathematically i n  findxng the flows through 8 

In compressors, t h e   e f i e r n d  heat exchange Q i a  small. If Q is 
neglected, f o r  inviscid  steady flow, eqymtion (8) becomes 

which is equivalent t o  (ref. 3) . 

tha t  i s  the ra t e  of change of enthalpy along a streamline (work done on 
the gasj i s  equal  to  the angular speed o f  the blades multiplied by the 
rate of change of angular momentum about the compressor axLs of the  par t i -  
cle  along  the  streamllne. I n  terms of relative  quantities, 

Maintaining  the  quantity I constant i s  a more concise  but equiva- 
lent  way of expressing that the rate of change of t o t a l  enthalpy H 
along a streamline-is  equal t o  the angular speed of the blade multiplied 
by the  rate of change of whirl of.& gas  streamline as it passes  through 
the rotor.  This i s  Euler ' s turbine  equation. 

For  conventional  compressors,  the  rotors are often  designed t o  &dd 
the same amount of enera  to   the  gas at all sections  radially; that is ,  
H i s  kept .radially constzznt through the machine for deai- purposes. 
For free-vortex  distribution and addition of whirl, I i s  radially con- 
stant throughout the machine. 

Entropy  equation. - The entropy  equation 
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indicates  that   the  rate of change  of entropy  along a streamline depends 
only upon the  ra te  of external heat addition and the rate of viscous 
dissipation of useful energy. As observed earlier, Q, the  external  heat- 
exchange rate, can be considered  zero  for compressors. 

The f i rs t  two terms i n  equation (8) me thus  seen t o  be a measure of 
rate of entropy change along a streamline: 

t 

Continuity  equation. - The 

" 

DT 
DS- Q + 2  

P 

continuity  eqpation 

which i s  the last of the general flow equations  presented  herein,  ex- 
presses the cont inui ty   re la t ion  in  terms of divergence of velocity,   rate 
of change of temperature  function,  and  rate of change of entropy. 

Axisymmetric-Flow Theory 

In  order  to  simplify  the  analysis,  the  flow  about the axis of rota- 
tion i s  usually assumed symmetrical. As has been  discussed  previously, 
this i s  often  interpreted physicaLlg as assuming that the number of blades 
i s  allowed to  increase  without Umit i n  such a way as t o  keep t h e   t o t a l  
circulation  constant, and accordingly the flow approaches  the  &symmetric 
solution as a limit. Mathematically, the action of the blades can be com- 
puted by representing the blades by a volume dis t r ibut ion -of forces in 
the flow equations. The m w t u d e  of the force at R point i s  obtained by 
maintaining the product  of the number  of blades and the  resultant  farce 
constant at any  point on a blade as the number of blades i s  increased. 
The resultant  force i s  the  difference between the  forces on the two sides 
of the blade. The f low follows stream surfaces, and t h e   h r i v a t i v e s   i n  
the  equations  refer  to changes  of the fluid properties on the stream sur- 
faces. This ldnd of solution, which gLves average  values i n   t h e  circum- 
ferent ia l   d i rect ion,  is usually val id  when the departure from that average 
i s  small. For incompressible  frictionless  flow, when the blades are thin 
and the   so l id i ty   f a i r ly  high, the solution can be considered as p;pplying 
to   the mean stream  surface  between two blades based on mass-flow  con- 
siderations  (ref. 12) - 

- Equil ibr ium equation. - All part ia l   der ivat ives  of gas properties 
with respect  to time and angular position are taken as zero  for  steady 
axisymmetric flow. Mith this simplification and neglecting  the  viscosity 
effects,   the rzdial, tangential, and &al components of equation (7) 

4 become . " 

I 
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Equation (lla) i s  the radial-equilihrZum equation. A t  a s ta t ion between 
blade rows, Sr i s  zero.  For the usual  as~umption  of  constant  entropy 
radially,  the second term on the right side i s  taken t o  be zero. The 
f i f t h  term  represents the effect of radial motion on the  condition of 
radial equilibrium and is neglected (ch. VI11 (ref. 1)) f o r  the assumptian 
of simplified radial equilibrium. The s i ~ l i f i e d - r ~ l - e q u i l i b r i u m  equa- 
t ion  is t hus  generally  written as follows for  design purposes: .. 

or, by differentiating and combining, 

Energy equation. - From equation (8) for  steady d a l l y  symmetric 
viscous  flow and the assumption that heat  generated by f r i c t iona l  work 
remains i n  the stream, DH/m can be m i t t e n  a B  

i n   m c h  Q i s  generally  considered zero. This game re lat ion w a ~  pre- 
viously  derived  for  frictionleas steady flow  (eq. (8e)). 

Entropy equation. - For axially symmetric flow, equation (9) become 
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Continuity  equation. - For axisymmetric f l o w ,  equation (10) becomes 

Improved Flow Theories 

Design theories have been presented that diqense  with  several  of 
the flow assumptions made for  the  simplified &symmetric designs. The 
first of these (ref. 3) used a modified equation  (11a) for   the radial- 
equilibrium  condition ( see ch. VI11 (ref. 1) f o r   d e t a i l s )   i n   l i e u  of equa- 
t i on  ( l l d ) ,  the  simplified-radial-equilibrium  condition. In succeeding 
reports (refs. 5 to 7), the theories  are  extended t o  f ini te  nunibers of 

effects of blade thickness are considered in references 13 and 14. 
L blades. I n  reference 8, a through-f low theory is  developed; and the 

Radial-equilibrium  condition. - The preceding analysis, as developed 
0 i n  reference 3, has l e d   t o  the development of six equations with eight  

independent  variables, namely To, Vr, Vz, Se,  Sr, Sz, €I, and S. O f  
these equations { (8e), (lla) , (llb), (l lc) , (la), and (13)) , five are 
independent.  For  nonviscous  flow,  the  following  relation must hold: 

(T - Q*3= 0 (14) 

as discussed eazUer. This provides n sixth independent  equation t o  re- 
place  equation (3e). For this case,  equation (1%) i s  used instead of 
equation (1%) . 

For  v5scous  flow, a s ix th  independent re la t ion  i s  developed (ref. 3) 
f o r  the rate of change of entropy along a streamline, i n  terms of n, the 
polytropic exponent  of the flow process: 

.) where 

1 
l y - 1  1 "- n =  

? e r  
and qp i s  the assumed design  polytropic  efficiency. 

7 
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For the design problem, two degrees.. of freedom axe-.thus  avairlable. 
Accordingly,  the desirable variation of two of the gas properties, one 
of which i s  usually Ve, can be specified;  and  the  variation of the o t h e L  
gas  properties and the blade  force  can then. be determined  theo=tically. 

Current design procedure i s  to   specify  &sired gas conditions at 
s t a t i o n s   i n  the gaps  between blade rows only, where the blade-force terms 
are x r o .  One of tbe two available degrees of freedom i n  going from 0% 
such s ta t ion  t o  the next i s  taken up by the blade  section  selected. Ac- 
cordingly,  except at-the first-stage inlet, there i s  o n l ~  one cona t ion  
at each s ta t ion  which the designer .can  specify. 

No general  analytical  solution i s  presented i u  reference 3, -but two 
nuzllerical method6 of solution are suggested.. . I n  one method, the  design 
equ&tions  are  written as finite-difference  equations snd applied  to  suc- 
cessive  closely  spaced a x i a l  stations.  The second  uethod employs only 
three stations  per  stage-but assumes the shape of the r&al-flow paths 
between stations.  This method i s  considerably simpler t o  apply than the 
first. In  reference 3, wTth assumed sinusoidal radial-flow paths, a form 
of the .  radial-equilibrium  equation i s  developed which shows  that the ef- 
f e c t s  of radia3.  motion are functions of the-radial displacement, the 
square of the &al -relocity, and the  square cd: the blade-row aspect 
ra t io .  .. . . . . .. .. - 

Summarizing br ief ly   the  resul ts  and  coaclusicma of reference 3, an 
investigation was conducted-into the radial-motion of the flow i n  a tur- 
bomachine by means of an axial-symmetry theory that does not assume 
simplified radial equilibrium.  Blade  aspect r a t i o  b d  an important ef- 
f e c t  on the radial motion. The amount of radial motion depended a l s a "  
upon the  passage  taper  hub-tip  ratio,  speed of the main flow  and design 
type (velocity aagramj. ~hus, f o r  l a r g e  blade-row  aspect r a t i o  or high 
axial velocity even with a small  amount o r  radial displacement,  the cf" 
fect of radial motion may be large (i .e., a large oscil latory radial 
motion may be expected  within the blade row).. I n  reference 3, radial 
entropy  gradients were neglected. Uri&-r cert.acin conditions (ref: U) , 
these  gradients haxe been shown t o  be  important. 

The results of a simplified  analysis by thE methods of reference 3, 
assuming sinusoidal flow paths through th&blade E&,"-&?%- found i n  ref - 
erence E t o  compare favorably with the results obtalned by improved e- 
symmetric  and three-dimensional analyses. - 

The analysis presented i n  reference .3, 'while it gtven much useful 
information  concerning the flow  withfn.bla&  .rw.,:.does .no t  readily y L l d  
information  concerning the flow  just .upstream OT jus t  downstream of such 
blade rows. The distribution of flow properties near a blade row i s  con- 
sidered as an individual  study i n  references 16 and 17 * The problem is 
treated as an  investigation  into  the mtter of the flow near a blade row 
rather  than with regard t o  design,  and  therefore i s  discussed i n  this 
report i n  the section SOEE ASPECTS OF WREE-DIMENSIONAL FLOWS. 

. .  
a 

-.- 

I 
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F i n i t e  blade  spacing. - The design  theories  are  extended f r o m  the 
blade  systems  with  infinitesimal  blade  spacing  (i.e., &ally symmetric) 

a t o  systems  with finite  blade  spacing  in an interest ing  ser ies  of reports 
(refs. 5 t o  7 ) .  The procedure  requires  the  adsymmetric  solution f o r  
the  flow as a first step.  Reference 5 f i rs t  presents  the  axisymmetric 
eolution f o r  the complete inverse  (design) problem; tha t  is, neither 
the blade shapes nor the w a l l  geometry i s  specified i n  advance- The 
&al-flow-campressor  designer s t a t i n g   K i t h  a  reference  streamline does 
specify  the desired radial variation of the a x i a l  velocity component V, 
(as in  ref 5) and an enthalpy  function  sdp/p.  By integration of the  
continuity  equation  (for  isentropic flow i n  refs. 5 and 6) ,  the radial 
velocity component Vr i s  obtained. The tangential  velocity component 
Ve i s  next obtained. from the energy equation. The continuous  force f i e l d  
that replaces  the blade system i n  axially symmetric solutions can then be 
calculated from the Euler aynamic equations for akI.asly synwetric  flow. 
The infinitesimally spaced blades (stream surfaces) can be computed by  use 
of the  streamline  equations 

and the  inlet  conditions. Thus, the compression ra t io ,  the form of the 
a.irfoils,  and  the  flow  around them can be determined. 

When the  cascade of blades with infinitesimal  spacing and. dally 
symmetric flow i s  replaced by a cascade of blades with f i n i t e  spacing, 
the flow can no longer be considered  circumferentially uniform. The 
uniform force field, which i n  the  equations  replaced the effec ts  of the  
blades i n   t h e  axially symmetric case, i s  i n  turn replaced in  the  equations 
by the asymmetric i n e r t i a  and pressure  terms,  the a/& terms, tha t  had 
ea r l i e r  been  neglected. Changing the force field. and adding circumferen- 
t i a l l y  asymmetric terms means that the streamlines of flow must change as 
well. One se t  of "mean" stream  surfaces,  considered t o  be h a w a y  between 
the  finite-spacing blades, i s  assumed "frozen,"'that is, unchanged. All 
the  other streamlines shift and deform. This means the  velocity and pres- - sure terms must a lso change. 

Corrective  terms are to be found, wbich are to be added t o  the axi- 
symmetric f low i n  order to 0btad.n the asymmetric flow in the  spaces 



between blades:.These corrective terms are obtaLned as a per -ser ies  
development f o r  the flow-variable changes i n  terms of a spacing parameter 
I), the angular distance from the  frozen  streamline  surfaces.  Recurrence 
formulas are developed for  these  corrective  terms, and an  iteration  proc- 
ess i s  se t  up for.  the desired  solution. For simplicity, it i s  assume& 
that the changes i n  the flow variables are small enough that only  terms 
l i n e a r   i n  need be kept. This i s  equivalent  to assuming a l inear  pres- 
sure variation a c ~ o s s  each passage. 

Thus, when the radial variations o f a  velocity component and of an en- 
thalpy (pressure)  function  me  prescribed,  the steady, nonviscous three- 
dimensional  flow  through a cascade of bhdes-with f i n i t e  spacing  can be 
found. For the two-dimensional solution (ref. 71, only  the  enthalpy 
function need be prescribed. While airfoils of f ini te  thickness can be 
designed i n  this.nag;--the  numerical example o f  reference 7 i s  actually 
f o r  a cascade  of l ine  (zero-thickness)  airfoils wlth shapes approximating 
closely the streamlines found for the a x i 6 e e - h i c  soli%ion and with.6mall 
lift coefficients.  A further extension to   the  viscous-flow  case i s  lllzrde 
i n  the appendix of reference '4"The methods developed i n  references 5 t o  
7 are instructive,  E& they  indicate that. the blade-to-blade  variations 
with f ini te  numbers of blades of f ini te  thidktiess can be treated as per- 
turbations on a mean, "frozen"  streamline. However, Tn the nonvlscous 
case  (e.g., ref. 7) ,  the Bauersfeld  condition that, for a nonviscous 
fluid,  the force   f ie ld  must be perpendicular to   the  streamlines defining 
the blade surfaces was not  considered. And in €he treafitnent of the 
viscous-flow  case  (appendix of r e f .  7), it w a s  not  possible i n  the one- 
step  perturbation method t o   s a t i s f y  6ome boundary conditions and o b t d r -  
closure af the nose  and t r a i l l ng  edges of the blades. .. 

I n  a ser ies  of reports  (refs.  18 t o  ZO), a treatment of the  viscous 
flow through i f l i n i t e l y  many thin blades is developed  and  extended,  using 
the frozen-streamline  notion, t o  develop the theory  for.an  iteration  proc- 
e s s  f o r  the viscous,  laminar,  incompresstble  flow  through blade rows 
w i t h  a finite number of blades of f inite thickness. The applicatfon of 
t h i s  considerably more  complex procedure great-ly improves the solu~ione 
and makes possible  the  closure of the blade surface at the nose and 
t r a i l i n g  edge. Even. with this procedure, however, it La necessary t o  
relax the boundary condition of zero  velocity (no sl ip)  at the blade sur- 
faces   in   order  to Unearize the problem sufficiently  for  possible 
solutions. I 

Through-flow theory. - A further  generalization beyond the  aimpli- 
f ied &symmetric-flow approach, the through-flow  theory (ref. 81, con- 
siders the flaw along an &%ftrary  surface S ( r ;  e , . ~ ; )  = C. Retain- 
the blade force liemis~ 3 i n  the equations of motion pastially takes into 
account  the circumferentialvariations of pressure  (enthalpy) and dengity. 
The development of the analysis  presents a unified  theory; that ia, the 
di rec t  and inverse problems axe solved  for.coMpressible flow, either sub- 
sonic o r  supersonic,  for  arbitrary blad& and.wall shapes-d f o r  high- 

L -  

. .  
. .  
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sol idi ty ,   th in  blades. A principal  equation i s  developed  from the con- 

through use  of a stream  function. Two d n  groups of  designs are con- 
sidered. I n  the first  group the designer prescribes  the  variation  of 

wheel  type., the symmetrical-velocity-diagram type, and so  for th .   In   the 
second  group  of  designs a re la t ion  between the  tangential  and axial veloc- 
i t i e s  i s  prescribed. This group  includes  such  radial-blade-element con- 
figurations as are found i n  high-speed centrifugal and  mixed-flow 
impellers. 

* tinuity  equation, the equation  of  motion i n  the radial direction, and 

1 the angularr momentum. This group includes  the  free-vortex  type,  the 

Cr i te r ia  are established  for  both  groups to determine w h e t h e r  the 
principal  equation i s  e l l i p t i c   o r  hyperbolic,  roughly w h e t h e r  the  flow 
i s  subsonic  or  supersonic. Two methods axe presented  for  solving  the 
e l l i p t i c  case. I n  one method the  equations  can be expressed i n  differ- 
ence form  and solved  either by relaxation  procedures or  by a suggested 
i t e r a t ive  procedure i f  a high-speed  large-scale &@tal computing machine 
i s  available. The relaxation  procedure, f o r  which the machine can also 
be used, i s  preferred. The other method suggested, machine solution of 
the set of simultaneous  equations by a matrix process, i s  much quicker, 

F especially when a number of  solufAons i s  to be found. The detatls of 
3 this matrix method are given i n  reference 21. 

Blade thickness. - In   s tandwd design procedures,  the  axisyumetric 
solutions  provide "mean-line''  information thst can then be corrected  for  

* the effects of blade thickness by use of experimental data. A simple 
extension of the  through-flow theory (ref. 8) incorporates some of the 
blade-thickness  effects  directly in  the  design  procedure.  For blades that 
are not  thin, an approximate blade thickness  factor b i s  included i n  
the definit ion of the stream function. Better physical  understanding of 
the significance of such a blade thickness-correction  factor i s  obtahed  
(refs. 13 and 14) by analyses of  the effects of  blade  thickness on flow 
along a mean streamline on a blade-to-blade flow surface. 

I n  a thick-bladed  turbine  configuration  (in  order to emphasize the 
effects)  with subsonic  incompressible flows, the mean streamline b a e d  
on mass flow in the  channel has less curvature  than  either  the mean 
channel l i n e   o r  the mean camber l ine .  The va r i a t ion   i n  the axial com- 
ponent of flow i s  nonlfnear  across the channel; the specific mass flow 
pVk along the  mean streamline w a s  about 4 percent higher than that ob- 
tained by a one-dimensional calculation based on channel-width  reduction. 
Furthermore, the  influence of blade thickness  extends a short  distance 
upstream and dawnstream of the channel. The tangential   velocity on the 

decreases rapidly at first through  the  channel.and  then more slowly to a 
value below i t s  exit value f o r  some distance downstream of the trail-lng 
edge. .. 

- mean streamline r i ses  above i t s  inlet  value  before  the leading edge and 

4 
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For  compressible  flows,  the mean streamline  approximates the posftion 

of the mean channel l ine  better  than  for  Fncoqressible flows but s t i l l  has 
a lower  curvature. .The effects of blade thickness on tangential  veloc- 
i t ies of the mean stream and on specific mass flow  are siud.lar to ,  albeit 
somewhat larger  than,  the corresponi@rrg effects .i.n. t& i.ncompressible. 
case. The var ia t ion  in   specif ic  mass flow was higher  than that given by 
the one-dimensional  calculations  based  on-channel  width, and the effec t  
w a s  observed  outsf&  the  channel. 

.. 
" 

. . . . - . . . . .. - 
. -" - 

. . - 

For  supersonic  flows (ref. 14) i n  a configuration  with higher solid- 
i t y  and thinner blades, the mean streamline conformed more closely  to  the 
mean camber line  than for  the other  cascade with l o w e r  salidity and thick- 
er blades. The analysis  using the thickness-correction  factor b shows 
that   the  specific mass flow along the mean streamline  increased an average 
of  9 percent more than  anticipated from a one-dimensional  calculation. 
Camparison of the specific mass flow inthe axial direction  with the vari-  
a t i o n   i n  channel  width  Ukewise showed a 9-percent  increase on the average 
in   spec i f ic  mass flow &ally over the mea reduction. This increase, i t  
will be noted, i s  more than  twice the value  obtained  for the previoua  sub- 
sonic  -cases. The variatfons  of &al. and tangential  velocity components 
on the mean streamline are correspondingly  increased. 

For  the  syminetrical-nozzle  configurations {no turning), the  increase 
b 

i n   spec i f i c  mass flaw along the mean streamline at sugersonic  flow con- 
Ut ions  w a s  about 8 percent higher than  expected. from a.one-dimensional 
calculation. rn 

A general  three-dimensional,  nonviscous,  compressible-flow  theory i s  
developed in   reference 10 f o r  Bubsonic and supersonic  turbomchines with 
f i n i t e  numbers of blades of finite thickness. The theory ie   appl icable  to 
axial-, radial", o r  mixed-flow turbomachines f o  both the direct  and i n - ,  
verse problems. Such a theory may be required, K or  the  case of Low hub- 
t i p  radius ra t ios  and fo r  . h i g h l y  loaded stages -with hi& i&t Mach num- 
bers, where two-dimensional solutions may be inadequate. 

As i n  earlier reports, the equations of  motion, energy, and con- 
t inu l ty  are expressed i n  terms of the velocity components, entropy, and 
the quantity I (a modified total  enthalpy).  Estimated  entropy changes 
due t o  shock wavee, heat transfer  (turbine  cooling), and viscous  effects 
can be a c c m o d a t e d   i n  the calculations. 

Analysis. - A three -dimensional-f low soluti-on i s  obtained by corn- 
bining  solutions for mathematically  two-dimensional  flows on two different 
kinds of intersecting  relative stream surfaces (fig. 1) . A atream sur- 
face SL of the first kind i s  one trsced  out by fluid par t ic les  initial- b 

ly, at some axial position, on a circuznferential  circular  arc of f'ixed 

. 
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radius  about  the axis of the machine. The blade-to-blade  variations of 
flow can be computed on such surfaces (which extend from the suction BUT- 

essent ia l ly  two-dimensional fashion.  Suitable  stream  functions are de- 
fined that faci l i ta te   the  solut ions-  

& face of one blade to  the  pressure  surPace of the adjacent blade) i n  an 

These Sl surfaces will i n  general be twisted  (fig.  2) ;  that  is, 
the flows are not res t r ic ted  to surfaces of revolution  as  in  quasi-  
three-dimensional  solutions  developed  elsewhere. The S 1  surfaces 

can be modified  and  redefined i n  order t o  cope with  the  large circum- 
ferent ia l   der ivat ives  that r e s u l t  from cases of large  surface twist. 
Complications a r i s e  in regions where, because of secondary flows, f o r  
example, particles  leave the walls and  flow  onto the blade  surface, or, 
as is more likely,  leave the blade  surface and  flow  onto the wall or even 
out  into  the passage. Tn these  regions it i s  necessary t o  approfimate a 
solution by  assuming that  the  f low follows the hub and casing walls. 

c1 
F A re la t ive  stream surface of the second kind S2 i s  one traced  out 
a by f lu id   pa r t i c l e s  which, at s m  &a3 position, were initially along a 
d radial or nearly radial Erie. &e most important S2 surface i s  the one 

k-rr that starts midmy between two blades (f ig .  1) and divldes the mass flow 

P 

i n  the channel between the blades i n t o  two approximately  equal parts. 
The through-flow  solution  obtained f o r  large numbers of thin  blades 
is a special  ca8e of S2 stream  surface  solution. The problems of 
surface t w i s t  and complications  near  the  boundaries f o r  S2 surfaces 

are similar to those  already  described for S1 surfaces. 

. 

I n  general., the  three-dimensional  solutions  for both the direct and 
inverse problems employ the solutions on both  these two kinds of surfaces. 
The correct  solution on one kind of surface  often requires information 
obtained from solutions of the  other kind. For example, determination 
of flow on S1 surfaces  requires  information  concerning the radial vari- 
ation of the  velocity components t ha t  i s  obtained from solutions  along 
the S2 surfaces. Consequently, i terat ive  solut ions between the two 
kinds of surfaces may be required. However, the computations m e  essen- 
t i a l l y  two-dimensional  and  can be handled by present  computational  tech- 
niques. A general method i s  provided f o r  solving the flow equations 
manually or  by high-speed digital machine computations. 

In the direct problem, the solution s tahs  with an assumed flow sur- 
.I face and  proceeds with successive  alternate  solutions on the two kinds 

of flow  surfaces  until a satisfactory approximation i s  obtdned. The 
be t te r  the first approfirnation, the shorter  the computation. . 
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The process i s  usually 
t i on  begins on the mean S2 
of freedom and  an estimated 
After the solution on 'this 
ordinates axe determined by 

- NACA RM E56303b . .  

. 
shorter   for  the inverse problem. The calcula- 

blade thickness  distribution 3 t o  specify. 
S2 surface b.as been obtained, the blade co- 
extending  the  solut ion  c i rcderent ia l ly .  

surface on which the designer has one degree .. . 
" 

I 

Initial approximations. - The computations of the general theory 
f o r  three-dimensional flaws can  be  shortened tn&terially by st&ing  the 
i te ra t ion  procedure with a reasonably good f i r s t  ap-proxim&ion of the 
detailed flow variation. Reference 22 presents a quick approxLmate soh- 
t ion   for  the two-dimensional,  compressible,  subsonic,  noniii8cous  flow past  
arbi t rary turbomacbine  blades on a rb i t ra ry  surfaces of revolution. 

fl 

The first s t e p   i n  this particular  solution i s  t o  estimate a mean 
streamline shape and the specific mass flow  (product of velocity and den- . .. - .. 

s i ty)  along it. (For alternate methods, see' ch. IV (ref.  2) . ) Equation6 
f o r  the flow along stream filaments of revolution  are  then  solved t o  ob- 
tain  values of the density and veloclty components separately and of their 
derivatives in the circumferential  direction. N e x t  a Taylor seriee ex- 
pansion in  the  circumferential   direction using these  values,  together with 
mass-flow integrations,  provides  calculated blade  shapes. Finally, an 
i t e ra t ion  procedure i s  set up i n  wbich the vaziance between the calcu- # 

lated blade shapes  and the actual  blade shapes  provides the information 
required as a start ing  point f o r  the second cycle. According t o  ref- 
erence 22, depending upon the configuration and the original estimates, 
the detailed flow variations  can be suitably  obtained i n  two to   fou r  
computation  cycles. 

" 

. ~. . 

" - 

? 

Solutions on flow  surfaces S1 and S2. - The three-dimensional 
analysis of ref.erence 10 c m  provide a clemer understanding of the flows 
uncomplicated by viscous,  secondary-flow effects  than was obtainable from 
the simplified 6OlUtiOnS. More complete knowledge about the eff-ects of 
the main stream on the development of viscous boundary Myers may then 
a id  i n  understanding the secondary-flow  behavtor in the  turbomachines. 

The p rac t i ca l   u t i l i t y  of the more accurate flow representation of 
reference 10 depends, of course, upon i t s  suscept ibi l i ty  t o  accurate and 
quick  computation.  Reference 23 i s  an i n v e s t m o n  of the mechanics of 
obtaining  solutions  for the principal flow equatione of tlie general three- 
dimensional-f low theory. 

It will be recalled thatthe three-dimensional  solution was obtained 
by combinations af mathematically  two-dimensional  solutions on  two kinds 
of intersecting relative stream surfaces,  designated SI and S2. The 
principal flow eqyations for both  kinds of surfaces are similar, and the 
methods of successive  approximations  used for their solution are similar. 
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If it can be shown that the  solution on one of the surfaces  converges 
readily, the solution on the  other  should converge as well. Reference 

(1) a relaxation method using  hand-operated  desk  calculator, (2) a matrix 
method on an IBM cmd-programned electronic  calculator, and (3) a matrix 
method  on a Univac. The actual machine analyzed was a single-stage &al- 
flow  turbine, but the  resul ts  are equal ly  meaningful to conrpressor  design. 
Free-vortex  variation i n  tangential.  velocity and cylindrical  bounding 
walls were specified  to  reduce radial-flow effects. The blades are quite 

ab 23 evaluates  three methods for  obtaining  solutions on the S2 surfaces:. 

w 
ul 
N long, however, with- hub-tip  radius  ratio of 0.6. 

For both  relaxation and matrix solutions,   the  nonlineax  partial  dif- 
ferential   principal  equation i s  replaced by a nmber of finite-difference 
equations  representing  the  principal.  equation at the number of grid 
points i n  the flow  region. The equations are solved by a method of  suc- 
cessive  approdmations. The accuracy of  such solutions depends upon the 
grid size (number of points),  the degree of the polynomial  representation 
used,  the s i ze  of the  residuals  accepted, and the  nmber of successive 
cycles completed f o r  convergence. 

Convergence was readily obtained i n  a l l  cases of the investigation. 
The indications are that the matrix methods were quicker  and somewhat 
more accurate  than the relaxation  solutions.  In any event, the calcu- 
la t ions were feasible and  not  overly  difficult   for  the  solution of the 
flow on a flow  surface, one s t e p   i n   t h e  over-al l  three-dimensional-flow 

8 solution. 

Information  concerning the detailed flow dis t r ibut ion  ( ref .  22) and 
part icular ly  concerning the relat ions of the pressure  gradients and 
blade shape t o  radial-flow components ( r e f .  23) i s  discussed i n  the 
next main section of t h i s  chapter. 

Evaluation and re la t ion  to prevLous  methods. - Because of the com- 
plexity of the aver-all three-dimensional'design theory, very U t t l e   h a s  
been recorded  about  experience i n  i t s  use. mttle information is avail- 
able  concerning the convergence  of the iteration  procedures  or the m a g n i -  
tudes of the random er rors  of the computational methods. At present, this 
three-dimensional  theory may serve best as EL useful  guide  for  evaluating 
experiment a1 data. 

A s  noted in reference 10, the through-flow  solution (ref. 8) can be 
considered as a limiting  case for the more general three-dimensional solu- 
t ion.  It may be regarded,. f o r  example, as the solut ion  for   the flow along 
the S2 mean stream surface that divides the mass flow equally when the 
circumferential  variation of the  velocity components approaches  zero. 
Thus, the through-flow  solution  serves to indicate  trends when the  effects  
resul t ing from hftving a finite number of blades are  small or  constant. 

e- 
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I n  this connection,  the  use of a blade thickness factor,  based on infurma- 
t ion  about  blade  tbickness  effects such as obtained, f o r  example, i n  ref- 
erences 13 and 14,. should improve the  solutions . consi.derably. 

The effect6 . a f  Compressibility, spanwlse vmiat ion of circulation 
V g ,  and radial components .F~ or  distributed-force  vector $ upon 
the radial variations af gas state i n  a single-stage and i n  a seven-stage 
subsonic  compressor with symmetrical velocity d i a g r a m  me studied i n  ref- 
erence =. The resu l t s  of these studies are presented bPrsefly i n  the 
next main section. The investigation  includes a brief  discuss^ of the 
comparison  between simplified-radial-equilibrium  solutions and the solu- 
tions  according  to  reference 3, w h i l e .  employing solutions  obtained by 
means .of the through-flow  and  three-dimensimml  theories (ref 6 .  8 and 10, 
respectively) as c r i t e r i a  for accuracy.  In this comparison, at &a1 
s t a t ions   i n   f ron t  of  and  behind the rotor of the  siugle-.stage compressor 
the simplified-equilibrium  solution and the limiting  solutions of ref- 
erence 3 (zero and infinite aspect'  rati0.s.) . produced rather poor approxi- 
mations to more canplete  s.olutions. The simple approximation t o  the 
streamline  path  suggested in reference 3, with an assumed sinusoidal  path 
through the  rotor, gave a good approximation to   t he  three-dimensional 
solut ion  in   the c&6e investiga.ted i n  reference 17.  

The formldability of the complete  three-dimensional design theory 
makes i t s  application t o  compressor design somewhat impractical at this 
time. Neverthe1ess;considerable information  about the three-dimensional 
aspects of the actual fluid behaxior i n  compressors is required  for de- 
sign  purposes.  C!gch,iflormation has been  obtained most successfully from 
many experimental and theqret ice   s tudies;  -each directed and confined . t o  
a part icular  phase of the r e a l  f l o w .  By restr ic t ing.  the  scope of. a 
particular study, the  investigator can make sweeping assumptions which 
simplify his solutions greatly. He need only Ee careful that his assump- 
t ions do not  qualify  the  particular  aspects of. the. f l o w  .being investiga- 
ted. I n  the fallowLng sub'sections,  several .such phases of the over-all 
three-dimnsional-fLow  behavior are  described  briefly, such as the ef- 
f ec t s  of radial variations of circulation and of blade Loading, radial. 
components of flow within and ktween the- blade rowsl t& effec ts  of 
compressibility and of blade-force components, and some secondary-flow 
ef fec ts .  Only steady-flow phenomena are  considered here. The time- 
uneteady flows. an3 awidered i n  the next plain section of this chapter - 

Radial-Flow Variations 

I n  order   to  facilitate the investigations of the effec ts  of radial 
variation of circulaj;llm, the flows me generally assumed &ally 
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symmetric and nonviscous, with constant  entropy  asd  enthalpy  radially at 
the i n l e t .  Even for  these  conditions,  the  solutions  for the governing 
eqwtions are simple only f o r  the incompressible  case of vortex distri- 
bution of the  tangential  velocity camponent , tha t  is, constant  circula- 
t ion  spanwise. For this condition  only,  the  flow i s  two-dimensional 
and the  streamlines all l i e  on cylindrLca1  surfaces.  For  conditions 
of inconstant  circulation  radially,  according to Prandtl 's  theory, 
vortices trail from the blades with their vorticity  vectors downstream 

- 

w '  
cn rp i n   t h e  flow direction. The flow  equations are then  nonlinear , nonhomogen- 
N eous par t ia l   d i f ferent ia l   equat ions;  and the  flow itself i s  no longer 

confined  radially  to  cylindrical   surfaces.  The aerodynamic advantages 
t o  be gained by  use of nonvortex  designs  {i.e. , lower re lat ive  veloci t ies  
i n   t h e  case of solid-body  rotation  design) must be weighed against the  
radial-flow campofients Mch &se and which can be calculated only with 
difficulty.  Nevertheless,  the aeroaynamic  advantages  associated with non- 
vortex  designs have frequently  been  beneficial enough to outweigh any 
detriment a1 effects  . 

Radial-flow shifts. - The radial-flow  displacement that occurs with- 
i n  blade rows, both  rotating and statio-, i s  discussed i n  reference 3. 
Here the use of a sinusoidal  appmxhation  to  the  probable  f low  path was 

For a subsonic  single-stage  and a subsonic  seven-stage  compressor de- 
signed  for symmetrical velocity diagram at all radii, reference 15 com- 
pares  the  simplified-radial-equilibrium  solution,  the assumed sinusoidal- 

t ion  ( ref .  8 )  , and the  three-dimensional  solution {ref. 10). Using ref - 
erences 8 and 10 as criteria,   reference 15 found that , i n  the single-stage 
compressor, the  sinusoidal-flow-path  assumption gave a n s w e r s  that agreed 
cPosely with the more complete solutions. The simplified-radial- 
equilibrium solution did not  agree well. 

suggested i n  -a calculation  procedure  based on this kind of assumed curve. 

D f low-path solution  (single  stage only) {ref. 3) , the  through-flow  solu- 

One conclusion  reached i n  reference 15 i s  that, while  compressibility 
does  not change the  streamline shapes very much, it does sftfect the veloc- 
i t y  com-gonents a great deal. Another  conclusion i s  that the gas under- 
goes an osci l la tory radial motion i n  passing  through the compressor. The 
per iod  of the  oscil latory motion i s  equal t o  the length of a stage. The 
gas {e.@;. , re f .  E) shifts inward  through the inlet guide vanes and the 
first rotor  and then outward i n  the f i r s t  s ta tor ,  the e f fec t s  of this 
osci l la tory motion  being greatest i n  high-aspect-ratio stages. I n  gener- 
a l ,   the  shift through the guide  vanes, i f  present, i s  always inwazd. The 
shift through the r o t o r  depends upon the  particular  velocity diagram  and 
may be inward {for velocity  distribution that i s  wheel type i n  the direc- - t i on  of the rotor  rotation) , may not shift {free  vortex)  or may be out- 
w a r d  (wheel type i n  opposi te   direct ion  to   rotor   rotat ion$.   In  a velocity- 
diagram analysis,  reference 24 shows that f o r  inward r a d i a l   s h i f t  in  
a rotor  the  negative radial p a d i e n t s  of the axial velocity components 

and high s ta tor- inlet  Mach numbers. 
0 behind the rotor  lead to undesirable  diffusion  factors at the  rotor t i p  
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By choosing a w-heel-type flow distribution .at the ro to r   i n l e t  counter 
t o  the rotor  direction with vortex  distribution i n  the  rotor, a radially 
outward shift i n  mass flow may be obtained. This should lead t o  more 
favorable  diffusion-factor and Mach  number distributions. 

.. 

+ 

Reference 23 points  out that the axial component  of velocity i s  
constant radially.for.-free-vortex blading only f o r  the case of simplified 
radial equilibrium. In   t he  more general  case,  including, for example, 
the effects of radial, variation of entropy  and  enthalpy,  considerable 
radial variation of- the axial velocity components results  for  both  in- N 
compressible  and  compressible  flows. I n  all such cases  described i n  ref- 
Sence  23  (turbine  cDnfiguratians),  there was a negative radial gradient 
of a x i a l .  velocity ahead of the  rotor. 

. .  

[I) 
dr w 

" .  . ." 

Reference 2 3  indicates that the actual path within the blade row may -. 

be fa r  from sinusoidal  and depends upon suchf.actars a8 r&al twist of 
the stream (due t o .  Fr, radial component  of the distributed-force term) 
and  compressibility of the gas. 

.- 

Flow near blade rows. - Reference 16 provides- information  about the 
flow  near a blade row, just  upstream or  just doynstream. It i s  first 
noted i n  reference 16  that the  three-dimensional mnviscous incompressible- a - 

flow solution i s  simple only f o r  the case oft vortex  distribution of 
the  tangential   velocity component. For- this condition, the blade circula- 
t i on  spanuise i s  constant and there are-no radid camponents or  axial 
variations.  For varying  circulation spanwise, it is still possible   to  I 

calculate the difference between the axial veloclty profiles far upstream 
and far downstream of the blade row- fair" readi ly  by neglecting radial 
transport of vor t ic i ty  shed froq the blades._..But  to  determine the veloc- 
i t y   d i s t r ibu t ion  of the flow field.  near  the blade rows is a more diffi-  
cu l t  Froblem, involving  nonlirreas, nonhomogeneouf3, p a r t i a l  d i f f e r e n t i a  
equations. .-  

. .  

" 

I n  reference 16, the  flow i s  considered  nonviscous,  incompressibh, 
and axially symmetric, with no inner-  or  outer-shroud taper. It i s  
furtbr assumed that there i s  nu self-transport of vorticity;  that is, 
the vor t ic i ty  i s  transported. only by the mean velocity and not by i t s  
OWTI induced  velocity. This last qualification  reduces the problem t o  
the  solution of a l inear ,  nonhomogeneous, pa r t i a l   d i f f e ren t i a l  flow 
equation. The solutions  thus  obtained  provide an  approximation t o  the 
velocity f ie ld  f o r  any  bla;de-loadfng .distrLbution. The .results are U6e- 
ful ,   then,  for such  conditions i n  which self-transport i s  negligible - 
tha t  is, f o r  moderate-turning, high-solidity configurations. 

For the pazticulaz case w h e r e  the blade chord  approaches zero (actu- 
ator disk), the linear ized  par t ia l .   d i f ferent ia l   eqmtim describing the 
tangential   velocity component  becomes  homogeneous as w e l l  and can be 
solved directly by uslng the given boundary conditions.  Physically, this 
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a s s q t i o n  i s  equivalent to   requir ing  the change i n  m e a n  tangential  com- 

i n  a plane normal t o  the' axis at a chosen axial location. By appropri- 
a te ly  choosing the  location for the discontinuous jump in  tangent ia l  
velocity (the axial and radial velocity components remaining  continuous 
throughout),  the  direct  solution  for  the homogeneous case is shown t o  be 
a useful  approximation t o   t h e  more exact  solution  for  the  case  of f inite 
nonzero blade chord,  except new  the   l i f t i ng  line, where large radial 
velocit ies and axial velocity  gradients are generated. 

* ponent  through a blade row t o  occw: as a discontinuity  (the  actuator  disk) 

For  both the f i n i t e  blade chord and the  discontinuous  approximation, 
the  linearized flow equatlons make possible  the  attainment of t he  incom- 
pressible   solut ion  for  a multistage turbomachine by superposition of the 
flows  for  the  individual blade rows. Exponential  approximations are 
developed for  rapid  estimations of the velocity-component distributions,  
which provide & ~ 1  even simpler method of approximating the  flow  through a 
turbomachine. These approximations were suf f ic ien t   for   the   par t icu lar  
case  calculated in   reference 16 t o  estimate the  general  order af the 
velocity components and w e r e  suff ic ient ly  simple t o  make these relat ions 
use fu l   i n  estimating the interference  of  adjacent blade rows. 

i? 
0 
rs- A n  i l l u s t r a t i v e  example i s  calculated i n  reference 16, which assumes 

a linearly  increasing.  circulation  distribution from r o o t   t o   t i p .  The 
calculations  indicate  sizable changes in axial   velocity  profile  both 
upstream  and downstream of the blade row. The linearized approxLmation ' 

used (with the blade loading similar a t  all radii and assuming no radial 
force components) makes possible  the  separation of the velocity components 
into  the  ser ies  of terms associated with the  blades  considered  stationay 
and the  additional terms due to   ro t a t ion  effects. Thus, t he  radial veloc- 
i t y  disturbances,  important  principally as they affect the   ax ia l  and tan- 
gential  velocity.  corqonents, are analyzed. An interesting asymmetrical 
behavior i s  observed. The induced effects  associated  with  the  stationary 
blade  a t ta in   their  maximmi hwnstream of the blade midchord posit ion 
axially; t he  disturbances  associated w3th rotation,  upstream. 

Reference 25 describes two physically  possible  types of nonviscous 
incompressible flow f o r  a special c a s e  of the  "actuator-diskff  theory, the 
limiting  case of a cascade of blades d t h  negligible chord, discussed as 
an approximation to the more exact  solution of  reference 16. A s  before, 
only the  tangential   velocity components have a dlscontinuity at the  
actuator-disk  section, the radial and axial components being  continuous 
throughout. Axial symmetry, negligible heat transfer, and isentropic 
flow me assumed. The basic  equations employed are Euler' s equation  of . 
equations. As shown by a numerical example, the exact  solutions t o  the 
problems as formulated here may match desired turbomachine flow  conditions 
sufficiently  closely to provide  useful  approximations of i n t e re s t  to 

t o  (11) in ref. 25.3 

- motion, the  continuity  equation, and the  thermodynamic entropy and energy 

designers,. [Note tha t  aml 5 should  be inter changed i n  equations (9) 
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R a d i a l  adjustment and blade-row interference. - The shape of a 
stream s u f a c e   a s  it passes  through the...st.ages of . a n  axial. turbamach-he 
i s  investigated  in  reference 17 w i t h  the  use of the  exponential  approxi- 
mation to   the  l inemized flaw fiolution developed in   reference 16. Atten- 
t ion.  i s  directed  to  the flow near  the bladea row and the manner i n  which 
the  t ransi t ion i s  mafie from the  far-upstream  to the far-downstream vebc-  
i t y   p ro f i l e .  For the configuration  investigated i n  reference l.5, it wa8 
found that the radial velocity  requires more than two axial chord lengths 
upstream of the  inlet   guide vanes and downstream of the stator  before 
becoming negligible. .. Reference 17_.establishes a re la t ion  between the 
aspect   ra t io  of the blades and t h e   r a t k o f  rbl adJustment. The r&al 
adjustment  ranges  from  nearly complete by the  t ime  the  trail ing edge of 
low-aspect-ratio blades (r 1.0) i s  reached, t o  almost  negligible radial 
adjustment at the t r a i l i ng  edges of high-aspect-ratlo bLades (= 3 .O) . 
This  information is then  brought to  bear on the dual problems of the 
mutual interference of neighboring blade r m  and the three-dimensional 
flows i n  an &a1 turbomachine-& off -design  conditions. €&idly, f o r  
blade  aspect  ratios af 1.0 or less, -the effects  on the  velocity distri- 
bution of interference between adjacent blade rows.  are rkgligible, and 
distor t ion of the  design  axial  'zelocity  profile at off -design  operation 
i s  small. The effects  of off-design  operatim may increase  considerably 
with higher blade aspect  ratio,  while the interference between adJacent 
blade rows may become a predominant influence for aspect  ratios  over 3 .O. 

Secondary-Flow Effects 

General.  discussion. - The three-dimensional behavior of a real f l u i d  
i s  intimately  associated with the three-dimensionalboundarry-layer be=-. 
havior of tha t   f lu id .  The tendencies of the boundmy layers t o  accumulate 
locally, to develop lmge radial and cross-chaanel flows i n  a cotuplex of 
motions  generally termed secondary flows, are  discussed In chapter XV. 
Detailed experiment-a1  information on secqndary-flow patterns is presented 
i n  chapter XV, together  with  the  results of the-more iq-ortant  theoret-  
i c a l  developments. The present  report i s  concerned.chiefly with the over- 
a l l  flow picture; only  the  broad  aspects of secondary  flows  are consid- 
ered here. 

The flow through a blade gr id  i s  cansidered 88 flow through  individ- 
u a l  cha~nel6 or  curved ducts  in  reference 26, and three d i s t inc t  boundary- 
layer phenomena are discussed: ..( 1) the  cross-channel  displacement  lead- 
ing t o  thickened  boundary-layer .regions at the suction  surface of the 
passage, ( 2 )  the different behavior of boundary layer when adher- t o  a 
solid  surface as &Xltrasted with detached boundary layers auch as wakes, 
and (3) the  effect  of centrifugal  acceleration  inducing radial components 
of motion affecting  especially.   the boundary layers af moving blade r m  . 
A cr i ter ion of radial s t ab i l i t y  i s  developed indicatina  th&"stabil i ty 
of compressible flow depends not only upon - the radial dis t r ibut ion of " 

i - -  
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t o t a l  energy,  as is the  case  for  incompressible flow, but also upon the 
temperature  distribution." With th i s   c r i te r ion ,   the  radial displacement 
of  boundary layer  in  turbmachines i s  analyzed f o r  vazious conditions of 
flow circulation and boundary-layer dis t r ibut ion.  

In reference 27, the  secondary flows are attributed largely t o  
trailing-edge  vortices shed as  a resu l t  of spanwise vaziation of  circula- 
t i on  along the blades and nonuniform i n l e t  approach velocit ies  (see ch. 
XV f o r  discussion of passage  vortices). Reasonable orders of magnitude 
of three-dimensional  losses  are  estimated  by the methods of reference 27 
for  the  very  canservative flaw conditions assumed. A practical  extension 
of this   invest igat ion i s  provided i n   t h e  guide-vane asalysis of refer-  
ence 28. End-wall  boundary layers are shown t o  cause  deviations of the 
r e a l  flow  from  blade-element-flaw  considerations. Same  of the  effects  
noted  are first underturning and then  overturning i n  the boundary layer 
as the  end w a l l  i s  approached, a general  decrease in circulation and 
turning  angle along the  blade i n  the boundary-layer  regions, and lazge 
induced losses i n  the guide-vane end regions. A calculation  procedure 
for  quantitative-estimations of the mean flow variations  induced by the 
end-wall  boundary-layer e f f e c t s   i s  set up i n  which the  distribution  along 
the  blades i s  represented by a system  of vortices,   the  effects of which 
are  calculated by the method of ima@;es, with  use of an empirical correla- 
t ion   fac tor .  The closing  section of reference 28 considers  several  aspects 
of the secondary-flow problem, from the designer's viewpoint, i n  some 
detai l .  

The  more  complex flow situation  in  rotor  blading i s  considered i n  
reference 27. Tip-clearance and relative  blade- t o  wall-motion e f fec ts  
are discussed i n  very  general  terms, as i s  boundary-layer  displacement of 
the  type  noted in   reference 26. The action of secondary  flows  under  cer- 
tain  conditions t o  prevent  stall ing and to enable  blades t o  operate above 
the two-dimensional s ta l l ing  limit i s  brought out .  The work-done factor  
and the  induced-drag  coefficient  are connected on the  basis of these 
secondary-flow  considerations.  Finally,  the  conclusion i s  reached tha t  
ordinarily  (conservative,  subsonic  turbomachines)  the  primary  flow  condi- 
t ions and primary  losses are s t i l l  due t o  two-dimensional blade-section 
performance.  Experimental  evidence  (ch. XV and r e f .  29) indicates that 
the  secondary-flow-induced  losses assume considerably mre importance 
with  higher  flow  velocities and larger  turning  angles. 

An in te res tbg   ana lys i s  i s  developed in reference 30 of the  re la t ion 
between the secondary flows aml the main flow characterized by radial ly  
varying  blsAe...circulation and rotat ional  incoming flow. References 30 
and 4 present  a  clear,  understandable  physical  picture of three- 
dimensional  flows in turbomachine s .' 

Commentary. - Despite the great amount  of research  already  devoted 
to the  study of secondary flows i n  turbomachinery, empirical  information, 



I56 - NACA RM E56B03b 

useful t-cr designers,  concerning the actual flows with3.n the blade rows 
themselves i s  s t i l l  Imgely  lacking. Most a+lyses t o  date  provide in- 
formation and devise design procedures  about  the  flows  encountered at 
stations between the blade rows. For design purposes, the nature of the 
flows In  the  blade rows themselves i s  almost i n m i a b l y  assumed. Ref - 
erences 14 and 18 give  evidence that. the flow patterns  within the blade 
rows are  quite complex, that k g e  stream surface distortions can and do 
exis t .  These resu l t s  must be  considered t o  qua l i fy  the  conclusions 
reached from analyses (i.e-, ref. 4) based on assiuned simple flow con- 
figurations  in  the passages between stations.  

TIME-UNSTEADY FLOW 

A theory of nonstationazy motian around a i r fo i l8  is presented i n  
reference 31. The purpose of the  paper i s  to  present  the  theory  origi- 
nal ly  developed by Birnbaum,  Wagner, Ki'Lissner, Glauert, and Theodorsen in 
re la t ive ly  uncomglicafied mathematical forms-. A remarkablp clew expoei- 
t ion  of  the fundamental  conceptions of the  two-dimensional  circulation 
theory of a i r f o i l s  is  presented f i r s t .  The report shows how a "wake of 
vorticity" i s  produced if the  circulation mound t h e   a i r f o i l  i s  a timewise 
vasiable. The induced vorticity  distributions  over a th in  a i r f o i l  are 
presented  for such wake  vortices. at  .vesious  distances i n  the  wake f ;  .. 
from the midpoint of the  airfail. 

Formulas for   the lift and mamenturn are next obtaLned f o r  the thin 
a i r fo i l ,  and  here it i s  seen  that   the simple Jouhowski formula  L P p V r  
no longer will do. Instead, the  expression  for  the lift conei-sts  of 
t h r e e   p a t s :  

where 

" . 

. .. 

and 
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U velocity  of motion of a i r f o i l   ( o r  of gust  of w ~ n a  pas t   a i r fo i l )  

. rO circulation  result ing from vort ic i ty  yo(x) 

yo( x) vor t ic i ty  bound to a i r f o i l   t h a t  would be -produced by a i r f o i l  
motion ( o r  by gust) if instantaneous  velocity w e r e  maintained 
permanently 

X coordinate along blade rea;rw&rd from midchord posit ion 

The quasi-steady U t  L i s  tha t  which &ld be produced if the  instan- 
taneous  velocity and angfe of attack were permanently  maintaLned. The 
l i f t  Ll represents the forces acting on a body i n  an idea l  f l u d  when 
no circulation i s  produced  because of the  reaction of the  accelerated 
f l u i d  masses. It i s  obtained by integrating over the surface the "impul- 

sive  pressures" p (where cp is  the  instantaneous  potential  func- 
t ion)  . The lift represents  the  contributions t o  the lift from the 
w a k e  itself, and contains the wake effects .  A corresponding  formulatfon 
i s  obtained f o r  the moment : 

ag  

M = M g + M l + M 2  

In these  formulas, Lo and Mo as well as L1 aSa M1 require 
only  solutions of steady-state problems  by usual methods. The wake con- 
t r ibut ions $ and % can be interpreted  physically as the  differences 
between the  instantaneous and the final values of Uft and moment f o r  a 
case in which the  quasi-steady U t  and moment undergo a sudden  change. 
Hence, and Q can be called  the  "deficiencies" caused by the non- 
uniformity of the  motion of the arLrfoFl or  of the f luid  veloci ty .  

These general   resul ts  w e r e  then  applied  to an o s c i l l a t i n g   a i r f o i l  
and t o  an a i r fo i l   en te r ing  a ver t ical   gust  w i t h  various  velocity  profiles. 
The general  expressions  for  the l i f t  and moment developed by von K&m& 
and Sears (ref. 31) are applied in reference 32 t o  a series of a l ternat-  
ing up asd down gusts,  sinusoidally  distributed. The magnitude of the 
lift decreases as the  frequency of the  gusts  increases. A s  in reference 
31, the l i f t  i s  shown to   ac t ,  always, at the  quarter-chord  point of the 
a i r fo i l .  These results are applied  to a wind-tunnel fan blade operating 
ju s t  downstream of a set of  prerotation vanes. The vanes  produce per i -  
odical  disturbances  through which the fan blades pass, which i n  turn give 
rise to  per iodical   forces  on the blades and perhaps  vibrations  of  danger- 
ous amplitudes. A n  approximate calculation i s  made in order  to  apply  the 
results  obtained, in  which it is  necessary t o  take the two-dimensional 
flow across some man cross  section  representative of the blade and t o  

T 

* 
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consider  that   this mean section  encounters flow conditions i n  i t s  path 
that can be approximated  by  superimpos+g a sinusoidal  variation of axial 
velocity on a uniform mean axial velodlty. No dangerously  large  vibration 
amplitudes w e r e  calculated i n  the example given in reference 32. 

k 

The results  derived in reference 32 far an a i r f o i l  moving through a 
stationary  gust  pattern are- extended in references 33 and 34 by means of 
a simple  generalization  to  provide  formuks  for  .ca.lc.dting  the  unsteady 
aerodynamic quant i t ies   for  a single  stator row followed  by a single rotor 
row. Because the  blades are thin, slightly cambered, and l igh t ly  loaded, 
this  configuration  resembles a compressor more closely  than a turbine. 
The flow i s  assumed incompressible and inviscid; the blade rows a r e  rep- 
resented by i n f i n i t e  cascades of two-dimeneional blades. Each a i r f o i l  
(ref.  33) is  considered  "to be act ing  in  a velocity  f ield induced  by (a) 
its own wake, (bf the  (variable) bound ir6-FEfccFs .of  fellow members of i t s  
own blade row, (c) the i r  wakes ,  (d) the (variable) bound vortices of mem- 
bers of the other blade row, and (e)  their wakes. I' 

In order t o  obt-dn a solutian  with  reasonable  ease, a scheme of. " 

successive  approximations 3-6 folioed: . ' 
. .. , . ." 

(1) Assume first  that the unsteady effect  on the .   c i rculat ion of a 
blade i s  small compared wlth the steady  circulation  ordinarfly  considered 
by a designer. 

" - 

- 

( 2 )  The first approximation t o  the unsteady effects on a typical  
s ta tor  blade ,r6(z) i s  cdculated on the  ass~mrption  that the only sig- 
nificant  contribution  arises from the  steady  circulation on the   ro tor  
blades For this f i r s t  approximatian,  the unsteady rotor  circulat_ion 
,F(z) and the unsteady p w t s  of the  cfrc-ulation of all-the other  stator 
blades and of all.-the  vortex wakes except that of the chosen s ta tor  blade 
are neglected. "(Presumably this approximation breaks down f o r  s ta tor  
cascades  of  extremely l e g e   s o l i d i t y ,  i n  wfifch the adjacent b l d e e   a r e  so 
close that t h e i r  nonateady circulation components induce l u g e  eff ec te  ..) " 

. ". 

(3) In order to.-calculate  the  unsteady  effects on a rotor bl-a.de, i n  
t h i s  same first approximation proces~,  the  significant-  contributions me 
assumed t o  a r i se  from the  steady  circulation  about the stator  blades $' and from the  .efTects of the  rotor  blades  passing  through  the  vortex 
wakes shed by the  stator blades. 

The procedure t h u a  far  can be considered as the f i r s t  of a ser ies  of 
successive  approximations. The second step might consider the additional c 

effects  of but, as noted i n  reference 33, would very l ike ly  be 
extremely d i f f i cu l t  t o  calculate. 

t 
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O n  the  basis of this first-approximation scheme, then, a calculation 
i s  m a d e  f o r  the unsteady  velocity a t  a rotor  or  stator  blade induced by 

motion relat ive  to   the  blade  in   quest ion.  From this the unsteady lift 
and moment of a stator o r  rotor  blade can likewise be calculated. In- 
vestigations of numerical  examples were made f o r  configurations of thin, 
small-turning  a,irfoils, with rotor and stator so l id i t ies   f ixed  at unity, 
with a 50-percent  reaction  stage, a d  with the  stagger  angles 
5 r: as 45O. The calculations were made f o r  a range of the parameter 
b r / ~ r  ( r a t i o  of axial separation between t r a i l i n g  edge of s ta tor  row and 
leading edge of rotor  row t o   r o t o r  half-chord) and over a range of adds 
( r a t i o  of pi tch of rotor blades t o  p i tch  of s ta tor  blades). 

L the  steady  circulation  distribution on the blades of the  other row i n  

The r e s u l t s  showed lesge  increase of unsteady lift with decreasing 
b'/+, and appreciable change of lift with vaziation of q d s .  In one 
case  the  unsteady  part of the lift was as much as 18 percent ae the steady 
l i f t  and, f o r  this  approximation, i s  accordingly of practical  importance. 
Also, the contribution of the  s ta tor  w a k e s  to the  unsteady lift of the 
rotor  blades was coqarable in magnitude t o  the e f fec ts  induced  by  the 
bound circulation of the  stators  themselves. The assumption made f o r  the 
f irst  approximation, namely that the Unsteady effect  on the  circulation 
of a blade i s  much l e s s  than the   s teady  c i rcaat ion j7 r 1 c< lor 1, w a s  
checked and found to be reasonable. In addition, the authors f ind the 
power i n  the  vortex wakes  quite small. (The power is expressed as the 
ratio of the energy transferred t o  the wakes per unit the to the steady 
power required  to  turn the rotor  .) .I 

A fur ther   resul t  is tha t  the energy i n  the stator wake  f o r  the  pres- 
ent  cases is about 100 times as large as the  energy in   t he  r o t o r  wake. 
Because the  kinet ic  energy t ransfer red   to  the vo ex w a k e s  due t o  periodic 
var ia t ion  in   c i rculat ion i s  proportional  to tTrp ( r e f .  35), the squared 
amplitude of variation of circulation, and therefore the unsteady  circula- 
t ion  on the  s ta tor  blades, i s  &out 10 times  as  large as that on the 
rotor  blades. The unsteady lift on both was about the same, however, f o r  
the example i n  reference 34 because of the  differences i n  chordwise 
velocity  distributions on the s ta tor  and rotor .  In  general, then,  accord- 
ing t o  references 33 and 34, the induced circulation on a blade row due 
t o  the  re la t ive motion  of -& adjacent downstream-row i s  cmsiderably 
greater  than that due t o  the ef fec ts  of a a  adjacent upstream row. 
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ELgure 1. -Intersecting SL and S2 Burfaces in blade row. 
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Figure 2. - T w i s t  of flow surface6 in axial-flow channel. 
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SUMMARY 
I A sui-vey of experimental  and  theoretical resemch on secondary flows 

and three-dimenBional boundary-layer flows as applPcable t o  compressor 
flow.phenogena i s  presented-.. The results of experimental  research are 
used t o  construct B simple model of  secondary flaT i n  compressor blade 

-. rows. . -> 

The l imitations of the application of present  research on secondary 
flows t o  flow i n  a multistage compressor and indications of ways t h i s  
research might be applied to  current  deaign  considerations. are also - presented.’ 

INTRODUCTION 

The importance of boundary-layer development i n   r e l a t i o n  to compres- 
sor design  procedures i s  discussed i n  chapter III ( r e f .  1) and reference 2. 

curately  account f o r  viscous  effects i n  current  design  systems.  Instead, 
the effec ts  of boundary layers are taken  into account only by introducing 
some gross correction  factors into calculations derived from nomriscous- 

’ . flow  theory. These correction  factors, moreover, are based on empirical 
data and give only rough estimates of boundary-layer development. Never- 
theless, this method of accounting f o r  viscous-flow effects bas proved 
relat ively adequate f o r  the design of compressors  of the type currently 
i n  use. With the  trend toward high-speed and high-mass-flow turboma- 
chines; however, the influence of boundary layers becornes increasingly 
c r i t i c a l   i n  &sign calculations. This i s  simply illustrated by noting 
the sensi t ivi ty  of  flow  velocities i n  the transonic range t o  slight chang- 
es i n  boundary -layer-f low blockage. 

, As these  references  point  out, there are no simple  techniques that ac- 

I 

It i s  important t o  recognize that a more satisfactory  description 
of boundary-layer-flow cannot  cane from refinemehts of the two-dimensional 
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boundary-layer  theory  currently i n  use (ch. V (ref. 1)). The reason is 
that boundary-layer  behavior i n  blade rows of an  actual turbomachine ex- 
hibits certain  irreconcilable  differences from boundary-layer  behavior  pre- 
dicted by two-dimensional  theory. Two-dimensional boundary-layer  theory 
predicts  characterist ics of  a..boundary layer result ing from a mainstream 
flow that has no vaPiatian i n  i t s  la teral   d i rect ion.  In an actual blade 
row, however, l a t e r a l  va,riations of the macLn stream  and the associated 
boundary layer cannot  be  ignored. The occurrence of secondary flare - 
that is, boundary-layer flows having components normal to   the mainstream 
direction - often  resul ts  i n  sizable  displacements and accumulations of 
boundary-layer material. Theae flows arise principally fram blade end 
clearance, blade-to-blade and radial. pressure gradients, centrifugal- 
force  effects,  and  relative motion  between blade  ends and annulus walls 
(refs. 2 and 3). Flows of this type have no counterpart i n  two- 
dimensional theory. 

Losses occurring i n  blade end r eg iws  of compressor blade rows ac- 
count f o r  a sizable  portion of t he   t o t a l  measured loss (ch. VI1 (ref. 4.) ) . 
As blade  end losses are principally the result of boundary-layer  displace- 
ments and accumulations; it may be stated that. future imgrwement of 
compressor efficiencies will depend sQpificantly upon unders.tanding 
the  nature and  causes of .these boundary-la3.er phenomena arid upon find- 
ing more r e a l i s t i c  and accurate methods of a c c m a  for them i n  deeign 
procedures. 

For these  reasons, the analysis of Secondary flows has became the 
major problem associated.  with..reseqch on boundary-layer  behavior i n  
compressors. while many important aspectG"6f- SeCOndery-flow~ pheiiomena- 
have not as yet been investigated,  coniiderable  research  progress ha6 
been made. This chapter  presents  an  over-all review of both  experimental 
and theoretical  research and indicates i t 6  relevancy t o  campressor  design. 

" 

A t  the present t im,  research on secondary flows has two immediate 
goals: (1) t o  find methods of reducing the-magnitude of undesirable 
secondary-flow  disturbances i n  blade rows, and- (2) to develop pract ical  
theories of secondary-flow  behavior that the compressor designer  can 
incorporate  into  design methods. I n  a t tdn ing   these  goals, three basic 
problems can  be  recognized: (1) isolating the factors that may cause 
secondary  flows, (2)  a n a l y z i n g  the types of secondary-flow components 
resulting from these factors, and (3) d e t e r d m  the contribution  of 
these components t o  t he   t o t a l  flow behavior. The factors that cause 
secondary  flows a r e   f a i r l y  well-known and  have  been indicated  previouely. 
The state of knowledge cancerning  the  characteristics of the  sssociated 
secondary-flow components, however, leaves much to  be desired. A s  will 
be  evident from %e discussions  presented, most of the current knowledge 
i s  quali tative in nature. Adequate theories  furnishing  the  quantitative 
information  necessary f o r  improving compressor designs are still. t o  be 
formulated. -. .. . ..-.. . -. . .. - ".  . . -2.. , .. .. . " . . . .- 

L 

. 
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- Because  of  the  importance  of  the  problem, many experimental  and  theo- 
retical  hvestigations  of  secondary  flow in turbomachines  are  presented 
in  current  literature  (surveys 212 to 240, ref. 5). In experimental  re- 
search  carried  out  at  the  WlCA Lewis laboratory,  flow-visualization  tech- 
niques  as  well  as  total-pressure  and  flow-angle  measurements  were wed 
in order  to obtain an insight into the  three-dimensional  boundary-layer- 
flow  patterns  in  typical axial-flow turbmachines.  The  results of the 
investigations  (refs. 2 and 3) are  presented  here only for  the  over-all 
physical  understanding  of  secondary-flow  processes in turbomachines  that 
they  afford  rather  than  for  detailed  compressor flow information. 

The fallowhg discussion  attempts  to  build  up a concept of secondary- 
flow behavior  in  compressor  blade  rows by separate  descriptions  of  the 
various types of  secondary-flow  components  that can occur. In t h i s  re- 
gard, an analysis  of  secondary flows mising frm cross-channel  pressure 
gradients  is  first  discussed.  Next,  the  influence  of  radial  pressure 
gradients  that  contribute  to  the local accumulation of boundary-layer 
material  is  analyzed.  The  size  and  locations of these  accumulations  de- 
pend  upon  the  character  of  blade  boundary  layers,  which  are,  in turn, a 
function of profile  shapes;  hence,  some  indication of the  effect of blade 
profile  shapes on secondary flows is a lso  included  in  the  'discussions. 
This  is  followed  by a discussion of blade  tip  clearance  and  relative mo- 
tion  between  blades  and annulus walls. Finally, the  influence of rotor- 
stator  interaction on flow  behavior  is  preaented.  Comprehensive  descrip- 
tions  of  the  methods  employed  to  obtain the results can be  found in 
references 2 J 3, and 6. 

- 

- 

The  section  is  cancluded with consideration of a model of the cam- 
plete  secondary-flow  pattern as indicated  by  the  experFmental  results 
and a discussion of ways certain  aspects of secondary-flow  theory  might 
be  applied to cmpressor design. 

Cross-Cbnnel Flows and. Passage  Vortex  Formation 

Apparatus  and  procedure. - For stmplicity,  the  study of secondary- 
flow  components  resulting  fram  cross-channel  pressure  gradients was be- 
gun by  v3sudization of the  end-wall.  inlet  boundary layer of a two- 
dimensional  cascade  at low airspeeds. It was  intended,  by using a smoke 
flow-visudization  method (ref. 21, to  isolate and to evaluate  the ef- 
fects  of  cross-channel  gradients upon the wall boundary layer  while 
eUminating  such  .complicating  considerations  as  radial flows and  possi- 

* ble  shock  phenmena. 

A sketch  of  the  two-dimensional  cascade r i g  is shown  in  figure 1. 
The  cascade  section  was so designed  that  the  solidity,  angle of attack, 
aspect  ratio,  turning angle, and  blade  stagger  angle  could  be varied 
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quite readily. The two-dimensional  cascades were used f o r   t e e t e  a t  Mach 
numbers below 0.4. The boundary-layer flow was visualized by means of 
smoke introduced  through a probe. The smoke flow-visualization method 
was used only a t  low -stream veloci t ies  {about 30 ft /sec) . A t  higher 
velocities,  dispersion of the smoke due t o  turbulence made the method 
impracticable. 

rn 

Passage vortex fortmition. - The overturning i n  the.  end-wall boundary 
layer of a two-dimensional  cascade wfth no t i p  clearance i s  i l l u s t r a t e d  
i n  figure 2. The overturning results frm imposition of the mainstream m l- 
static-pressure  gradients upon the low-mmentum boundary-layer f lu id .  8 
The smoke used t a   t r a c e  out the flow patterns was introduced a t  the wall 
by means or" the probe. A downstream view of a boundary-layer  streamline 
crossing a channel  (fig. 3) shows that, as the  streamline approaches the 
suction  surface, it deflects spanwise and then rolls up -to a vortex- 
type flow. (The insert shows the  entfre  streamliae_pattern  schemati- 
cally.)  Probe surveys showed t h a t a l l   t h e  streamlines i n  the wall bound- 
ary layer converged t o  approximately the same region and rolled up into 
the f low vortex  (fig. 4(a)]. The pattern of vortex  formation was such 
that, as the  point of smoke introduction was shif ted toward the  suction 
side, the streamlines along the end wall -biked increased spanwise 
deflection a8 they approached the region of convergence, where they - 
rol led up into the  central   portions of the vortex, a8 shown schemati- . .  

cal ly  i n  figure 4(b) . 
This  secondary-flow vortex i s  cal led the "passage vortex"  in  order .- 

t o  emphasize the   fac t  that it is a passage w a l l  and n o t a  blade trailing- 
edge vortex due t o  circulation changes along the blade. The s ize  and 
vor t ic i ty  of the passage  vortex  increase with increasing main-flow turn- 
ing. When the  turning i s  large enough ( f ig  . 5), the  outermost layer of 
the vortex may came frm boundary-layer flow on the  pressure surface that 
deflects onto the end w a l l  and flows all the way across the channel u n t i l  
it reaches  the  suction  surface. 

A t  low airspeeds where smoke could  be used, passaQe vortex forma- 
t ion  was obeerved for other configurations,  including  cascades of NACA 
65- (12) 10 blades. A t  higher Mach nmbers,  surface  indications,  obtained 
by use of hydrogen sulphide t races  on &ite   lead  paint ,  show t h a k t h e  
cross-channel  deflection  pattern remains unchanged (ref. 2 ) .  

It should be noted that the  cross-channel component of boundary- 
layer f l o w  can be considered a8 a "double"  buundary layer  (f ig.  6 ) .  The 
component normal t o   t h e  main stream must have zero  velocity at the wall, 
r i s e   t o  same maxiram value, and then fall t o  zero  again i n   t h x  main 
stream. The outer portion of this cross-channel boundary layer rolls up 
t o  form the  passage vortex. The "sub-layer"  next t o   t h e  wall has vor- 
t i c i t y  of the  opposite  sign to   the  outer   port ion,  end when it r o l l s  up 
produces vortices  opposite in   direct ion  to   passage-vort ices .  Under these 
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test  conditions,  the  diffusion of vorticity  forces f r m  this sub-layer 
was rapid  enough to cause  this  portion of the  boundary-layer  vorticity 
to disapsear  rapidly.  Photographs  of t h i s  sub-layer  roll-up are found 
in  reference 6 and in the  motion-picture  supplement  to  that  report. 

Passage  vortex  behavior  and  effects. - Once the passage  vortex has 
been  formed,  it  tends  to  resist  turning  and  does  not  follow  subsequent 
mainstream turnings as it proceeds  downstream.  Figure 7 shows how in 
tandem  cascades a vortex  formed in the  upstream  cascade  resists  the  turn- 
ing in  the  downstream  cascade.  Test  observers  could  see  the  passage  vor- 
tex  ricochet  off a pressure  surface of the dawnstream  cascade  and  cause 
f low separation in the  region of hpact. The phenomenon  has  been  ob- 
served in accelerating as well as decelerating  cascades. 

Thus,  the  accumulation of low-energy  material new the  suction  sur- 
face of a turbomachine  passage  causes  flaw  disturbances  and  losses  lead- 
ing to  flow-angle  deviations  and  poor  angles  of  attack  in  subsequent 
blade  rows.  Furthermore,  the  vortex  behavior  as  it  passes domstream 
can lead to flow  disturbances on the  blade  surfaces  that it impinges 
upon  and  to  additional  losses  there. T h i s  behavior may account  for a 
large  part of the losses  variously  attributed to sec&dary  flows.  The 
mixing action of the  vortex  behavior  Ilkewise  represents a large devis- 
tian from the  kind of simplif'ied  boundary-layer behador assumed in de- 
sign  procedure. 

. 
Radial. Secondary Flows in Stators 

Just  as  the  cross-channel  pressure  gradient wosed by  the m a i n  
stream  causes  cross-channel  secondary  flows, so the  radial  pressure 
gradient  causes  radial  bounbry-layer flows. Given a boundary-layer 
region  extending frm the  inner  to  the  outer  shroud in a stator  row, 
radial  transport from the  tip  to  the  root  regions can occur.  The quan- 
tity of such transport  depends won the  thickness  of  the  radial  boundary- 
layer  region or flow path and  the  magnitude  of  the  radial  pressure  gra- 
dient  (a  function of mainstream  turntng  and  velocity). 

Ln rotors,  the flow picture  is  further  cmnplicated  by  the  centrif- 
ugal forces on the  rotor  blade boundEtry layers. Ln general, for cam- 
pressors  where  the  blade  speeds  are  higher than the  mainstream  tangential 
velocity  canponent,  the boundary l ayer  will be  forced  radially  outward 
(see ref. 5, section 11-F). 

Apparatus  and  procedure. - The  effects  of  radial  pressure  gradients 
and  higher  flow  Mach  numbers  were  studied in an annular-cascade  test 
unit,  shown  schematically in figure 8. The cascade  blades  investigated 
therein  were of several  types  (ref. 3). However,  attention  is  confined 
initially to the tests  in a cascade of high-turning  vortex  blades 
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designed f o r  smooth two-dimensional  blade  surface  velocity  profiles. 
While these blades are not  typical.of  those found i n  compressor un i t s ,  
the t e s t s  conducted  provide suff ic ient  Fnformation t o  formulate  theories 
that apply t o  annular blade rows frgmeml. . 

The annular cascade was used for a range of  hub discharge m c h  num- 
bers up t o  about 1.5. As-mentioned  previously, smoke flaw-visualization 
tests- were unsatisfactory for flow  velocities much i n  excess of 30 f ee t  
per  second,.  Consequently, f o r  high speeds, two other  flow-visualization 
techniques were employed. In the first, the surfaces of the blade pas- 
sages were painted with a lead  carbonate  base  paint. Hydrogen sulfide 
gas  (wuch has a density comparable t o  air> was then  introduced  into the 
bounw-layer   region,  and boundary-layer  motion w a s  i m c a t e d  by the 
brown trace made by the reaction of the hydrogen sulfide with the p d n t .  
Unfortunately, this method provides  indLcatlons of flows along boundaries 
only; and, because of the  turbulence a t  higher Mach numbers, the traces 
indicate the flow  paths of a region of the boundary layer Lnstead of 
individual streamline  paths. The second flow-visualization method waa 
based on paint flow traces. The paint used was  a lead  cwbonate paFnt 
deliberately m a d e  nondrying and capable of flowing .with  the  surface flow 
gradients at the higher Mach numbers investigated. 

Since hydrogen sulfide and paint  traces can at best give  indications 
of boundary flows direct ly  on blade surfaces and annulus walls, the sig- 
nificance of these  traces i s  interpreted only on the basis of previous 
information  obtained  either by.-the smoke visualization method or  by quan- 
t i t a t i v e  measurements. 

It should also be noted that t o t a l  pressures, flow  angles,  and w a l l  
s tatic  pressures were measured a t  a discharge measuring s ta t ion in the 
annular-cascade'investigations. The measurements were macle on three 
sets of blades and at two flow conditions  for each set of blades. These 
flow  conditions  are  designated,  respectively, "lower Mach  nuniber" (high 
subsonic f l o w )  and "higher Mach  number" (supersonic f low).  The memur- 
ing  probes and hot-wire memometers used are described i n  reference 3. 
Great  care was taken in   the  fabr icat ion and use of these  instruments  in 
order t o  make the  resul ts   as   re l iable  and accurate as possible. Never- 
theless, because of the  large pressure and angle  gradients  involved in  - 

the flow  regions of chief   interest   in  t h i s  report ,   the  results  are dis- 
cussed in  quali tative terms only. 

Indications of radial flows based on downstream measurements. - 
Contours of loss i n   M e t  kinetic energy for the annular cascade of vor- 
tex blades are presented in figure 9. The hub lose accmpulation I s  much 
larger  than  the  outer-shroud 106s accumulation f o r  both  the  subsonic aud 
supersonic  flow  conditions,-despite the f a c t  tkt the "wetted" area i s  
greater i n  the  outer half of the passages. - T h i s  fact   indicates  radial 
flow of boundary-layer material. The decrease  in-outer-shroud loss core L 

.- 
a 
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and the  increase in inner-shroud  core wfth increasing Mach number indi- 
cate  the development of additional o r  larger  paths  for radial +ransport 
of low-energy fluid at the higher  flow Mach number. 

V i s u a l  indications of radial flows. - In the  presence of a radial 
pressure  gradient i n  the annular cascade, the radial   t ransport  of s i z -  
able  quantities of low-energy material c m  be  expected i n  blade boundary- 
layer  regions having low viscous  shear  forces  along  the blade span. Such 
a path,   for example , might  be  provided  by the blade  trailing-edge  re- 
gions. Another possible radfal pathway might be prwlded on the  suction 
surface of each'blade a t  supersonic  flow  conditions when a shock exists 
across the passage t o  cause  thickening of the blade  suction-surface 
boundary Layer. 

One method used t o  detect  such  paths w w  to   apply narrow bands of 
paint on the  suction  surfaces of certain blades in the  cascade. The 
paint  traces found after a e s t  then indicated  paths along which  low- 
energy materid iui3-t be tkmsported radially. Such traces are shown 
in  figure 10. For this photograph,  bands were painted on the  suction 
surfaces of blades 1, 2, and 3 at the  inner-shroud, midspan, and outer- 
shroud raiUal positions,  respectively. Two such paths are shown in   t he  
figure, one at about midchord on the  suction  surface  and  the  other  along 
the  blade  t ra i l ing edge. 

Evaluation of radial components of 8econdElly flow. - The existence 
of radial flow of low-energy material 88 indicated  in  the  previous  sec- 
t ion was proved and the quantity of such flows a t  the  supersmic flow 
condition w a ~  evaluated by the  following  rather  simple  device (ref . 3). 
Flow fences were fastened t o  the blades a t  the midspan position as i n  
figure ll. The ful l  flow  fence  (fig. l l ( a>)  was intended t o  interrupt  
radial flows both along the   t ra i l ing  edge  and Fn the  thickened boundary- 
layer   region  hdicated  in   f igure 10. The reduced flow fence  (fig. U(b) )  
was m o d i f i e d  by  being  cut  back so that it now affected  only the tr8iHng- 
edge radial flows . The results w e  presented i n  figure 12. Because of 
possible  losses due to the  fences  themselves, the reduction  in inner- 
shroud loss core i s  used t o  measure the quantit ies of radial transgort. 
A t  the supersonic flow condition f o r  t h i s  s e t  of vortex blades, radial 
transport of boundary layer  accounted f o r  65 percent of the lm-energy 
m t e r i a l  i n  the inner-shroud loss core at the blade-exit station. O f  
this 65 percent, 35 percent came through along the   t ra i l ing  edge, and 
30 percent through the Wckened boundary-layer paths on the  suction 
surfaces. Thus, radial transport of boundary-layer  material may be con- 
siderable under certain  conditions. 

Loss accumulations  and  passage  vortices. - Briefly, measurements 
downstream  of a cascade of vortex blades at a high subsonic flow Mach 
number (fig.  9(b)) indicate  the  presence a t   t h e  measuring plane of (1) 
a large  accmulation of boundazy-layer material near  the hub corner, 
(2) a much smaller  accmulatfon near the  outer shroud, and (3) a 
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well-defined  wake  between.  The  interpretation (ref. 3) is  straight- 
forwazd. Radially inward  flow  of-boundary-layer  material  originat- 
either on the  outer shroud both  upstream  and  within  the  cascade  or on 
the  blades  themselves  must,  of  necessity,  take  place  sanewhere  upstream 
of the  measur-  plape.  Mo.st Wcely, radial-flaw  reglans  are on the 
suction  surfaces af the blades and behind  the  trailing  edges.  At  higher 
flow Mach numbers,  the  measured  outer-shroud  losses  decrease  further, 
the  wake  between  remains  nearly  unchanged,  and  the  inner-shroud loss 
core  increases  further.  There  being  little  reason to assume  smaller 
outer-shroud  losses  at  the higher Mach numbers,  it  is  concluded  that in- 
creased  radial flows must  occur  at  the higher Mach  numbers for these 
vortex  blades. Judging from the re4tive sizes  of  the  inner- and outer- 
shroud loss cores anbthe total  absolute  values  of  the  losses,  the 
radial-flow  mechanism  must  serve  to  transport  sizable  quantities of 
boundary-layer  material.  The  flow-fence  tests a the vortex  blades 
proved  that  this  is  the  case md Located  the  radial-flow paths behind 
the blade trailing  edges  and  in a shock-thickened  boundary-layer  region 
along the  blade  suction  surface. 

The loss measurements  at any position do not  indicate the losses 
that actually  develop  at  that radial position on. the  blade.  Presumably, 
even  in  the  radial-transport  regions,  through-flow cmponents of the 
boundary-layer  flow  exist,  and  sane  of t h i s  material is shed and appears 
in  the  measured wakes at all radial  positions.  Since  there  is no ap- 
parent  increase in the  measured  wakes  when  the  shock-thickened suction- 
surface  radial-flow path is  established,  it  might  be  speculated that I 

little  of  the  boundmy-layer  material f r m  this radial-flow  path  ie  shed 
t o  contribute  to  the  measured  wakes. 

” 

For  comparison-with  the  preceding  results  obtained on vortex  blades, 
tests  were  conducted on two  sets of constant-discharge-angle  blades  at 
comparable  flow  conditions. For one  set  of  these  bla”,  designated 
set A, the measured  results (fig. 13) indicate  very  closely  the  same 
kind of‘ radial-flow  mechanism as for  the  vortex  blades  for  both  the low- 
er and higher flow Mach nirmbers:  Thus,  the  differences in the circula- 
tion  distribution of the  vortex  blades and the constant-discharge-angle 
blades  are  not  potent  factors  affecting  the  over-all  secondary-flow pic- 
ture. There  are no indfcations f’rm measurements on either of these 
sets of blades  that  outer-shroud  passage  vortices  are  ever  formed.  For 
the  other  set of constant-discharge-angle  blades,  designated  set B, the 
measured loss distributions  (fig. 14) appear  quite  different. At the 
lower flow Mach number  in  particular  (fig. 14(a) ) , the  measured loss 
pattern  near the outer  shroud  certainly  inrplles  the  existence  of a pas- 
sage vortex. The  different  kind & loss pattern  here  requires  further 
consideration  to  establish  possible reSsatW Tor the  differences. 

- 

The  flow Mach numbers  and  inlet Reynolds numbers  are  the sme for 
all three  sets of blades. The  over-all  apparatus  setup is the  same. 
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One particular  difference  noted  in  reference 3, however, i s  that at  
the t i p  section there were def ini te  peaks i n  the blade  suction-surface . 
veloc i ty   p rof i le   for -se t  B. The other vortex  blades and s e t  A had f a i r l y  
smooth suction-surface  velocity  profiles a t  the tips. All th ree   se t s  of 
blades had f a i r l y  smooth suction-surface  velocity  profiles a t  midspan and 
near  the hub. According t o  boundary-layer  theory,  velocity peaks and 
subsequent  decelerations on a blade  suction  surface lead t o  re la t ively 
thick and perhaps even t o  separated boundary layers .on the  blades down- 
stream of these peaks. By ccmrparison,  smooth velocity  profiles are more 
l i ke ly   t o  lead to  thinner  blade boundary layers.  Smoke flow t e s t s  on 
the blades in  question  substantiated this predicted  boundary-layer  be- 
havior,  albeit a t  low Mach numbers. 

Thus, it i s  a fair assumption that, all other  things  being  equal, 
the boundary layer on the  suction  surface in  the t i p  region f o r  s e t  B 
is likely t o  be thicker  than  for  the  other  blades. On this account, 
reference 3 proposes that, when the c r o s s - c h a n n e l b o u n ~ - l a y e r  flow 
on the outer  shroud  encounters  the  relatively thicker blade boundary 
layer,  roll-up and passage  vortex  formation  occur. The boundary-layer 
material on and near  the  amulus  outer wall becmes  entrained  in this 
passage  vortex.  Judging from the s i z e  of the measured t ip   loss   region,  
the  passage  vortex  formation in  this manner reduces the material avail- 
able fo r  secondary-flow radial transport. For the  subsonic  case  (fig. 
14(a)),  the  occurrence of this phenmenon  could  conceivably  account f o r  
all the measured loss patterns observed: that is, (1) a large t i p  loss 
region, (2) a small hub loss region as compared with both the tip re- 
gion of this blade and the hub regions of the other two blades (figs.  
12(a) and 13(a)), and (3) smaller measured wakes i n  between. 

- 

A t  the higher Mach number, once again the  shock-thickened radial- 
flow path i s  formed, providing an additional- path f a r  boundary-layer  re- 
moval t o  the irmer-shroud  region. This path i s  formed well up on the 
blade suction  surface, nearer the point of passage  vortex  formation 
than i s  the blade trailing-edge  region. This additional flow path may 
serve (ref. 3) t o  drain off s m e  of the  tip-region  boundary-layer mate- 
rial before (or despite the f a c t  that) it r o l l s  up into  the  passage 
vortex. This cr i te r ion  i s  somewhat borne out by the reduct ion  in  meas- 
ured t i p  lo s s  region at   the   higher  flow Mach number and the  great  in- 

ter ion i s  correct,  the radlal flows  through the thickened  boundary-layer 
region on the  blade  suction surface appear t o   c o n t r i b u t e   l l t t l e   t o   t h e  
measured wake losses. 

a crease i n  measured hub loss region  (fig.  14(b)). Again, if this c r i -  

4 
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Flow i n  Blade End Regions with Clearance 

I n  the  blade  passages of turbines and axial-flow compressors, large 
4 

flow aisturbances  tend  to occur i n  blade end regions. Furthermore, fn 
passages  having  blade end clearance;  the magnitude of the  clearance has 
a direct  influence on losses and flow behavior in  the  blade  t ip  regions.  
In order  to  understand  better  the manner i n  which t i p  clearance  influ- 
ences flow behavior,  flaw-visualization  studies *re made i n  two- 
dhensional cascades  provided uith t i p  clearance and in a two-dTmensianal 
cascade  modified t o  provide  relative motion  between the blades and  an 
end w&u (ref. 2) . TMs latter case was chosen t o  approxFmate more 
closely  conditions that exist in an actual compressor or turbine. 

2 
8 

Tip  clearance. - The initial studies of blade  tip-clearance  regions 
were made i n  two-dimensional cascadE~  having 0.060- and  0.014-inch t i p  
clearances (1.7- and 0.4-percent  span,  respectively). These studies 
disclosed  that flow along  the  blade  pressure  surface  in  the  tip  vicinity 
and i n   t h e  wall boundary layer -ne@ .the pressure  surface  deflected under 
t h e   t i p  and formed a vortex lying against  the  suction  surface (shown in 
f ig .  15 f o r  0.060-in. clearance) . Figure 16 shows that the  passage vor- 
tex previously  described still  exists; however, it has been displaced by 
the  tip-clearance vortex. These two vortices  rotate  side by side i n  - 
opposite  directions with l i t t l e  a-gparentxixing. .Xl'urtbermore, the forma- 
t ion of the  tip-clearance  vortex  appeared t o  influence-the  magnitude of 
the  passage  vortex only to   the  extent  that same of the  flow on or near 
the blade pressure  surface, w h i c h  i n  the  case of no t i p  clearance would J 

have flowed in to  the passage  vortex  region, now becomes par t  of the  t ip- 
clearance vortex. Consequently, the  formation o f t h e  two vortices, when 
tip  clearance exists, constitutes a much larger  flow disturbance  in  the 
blade end region than would exist with no clearance. 

Relative motion  between blades and wall. - In order  to  etudy flow 
in a blade end region when relat ive motion exists between the  blades and 
&z1 end w a l l ,  one of the end walls o F a  two-dimensional  cascade was re- 
placed by an endless moeng bel t   ( f ig .  171, the direction and speed OF 
which could be varied a t  will (see  ref. 2) .  €hoke flow-visualhation 
t e s t s  were conducted i n  this modified  cascade for  various w a l l  speeds. 

The test disclosed two interesting phencanena.  The first was that 
a blade sul'f&ce which was "leading"  relative t o  the wall motion ex- 
ert-ed a scraping  effect on boundary layer-entrained on the moving w a l l .  
One effect  of this phenomenon was t o  impart a rol l ing motion t o  the 
boundary layer as it is piled up near the pressure  surface  (fig . 18 1 . 
Another  consequence of this scraping  action I;a a ccnnpressor is that flow L 

along the  pressure  surface that would nomal3.y have deflected under the 
blade t i p  with a stationary w a l l  is deflected away frm the w a l l  d e n  
re la t ive  mation exists. This flow deflection i s  shorn fo r  a stationary 
wall i n  figure 19(a) and for a w a l l  moving at moderate  speed  (approxi- ' 3  

mate- equal to   a i r speed)   in  figure 19(b). The second resu l t  of in te res t  
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was that the motion of the wall exerted an "mpirat ing"  effect  on low- 
mamentum air on the  blade  surface  that w&s t r a i l i n g  relative to   the 

depicts  the  significant  increase i n  flow deflection toward the w a l l  
caused by aspiration on the  suction  surface. 

- w a l l  motion and deflected this air toward the movlng w a l l .  Figure 20 

For  both  the  stationary and moving wall, smoke tests indicated that 
the  flow  over  the  blade  surface a t  midspan showed no spanwise deflections 
on either  the  pressure  or  the  suction  surface.  Therefore,  if it i s  as- 
sumed that the midspan conditions have not changed much, the  deflection 
off the  pressure  surface  near  the  tip  (fig. 19(a)> indicates the s t a t i c  
pressure t o  be lower-there  than at midspan. Smoke t e s t s  on the  blade 
suction  surface showing a  deflection of the  blade  t ip  surface flows 
toward midspan indfcate an increased  stati-c  pressure at the  blade  suction- 
surface  t ip  region as compared w i t h  midspan. Thus, tip-clearance  effects 
can r e su l t   i n  a smaller pressure  differential   across the blade t i p  sec- 
t ion  than a t   t h e  midspan section - in   e f fec t ,  reduced  blade t i p  Loading. 
The scraping and aspirating  effects of re la t ive  motion (figs.  19(b) and 
20(b)), which show that these  tip  streamline  deflections can  be  pre- 
vented o r  reversed,  indicate that the  relative-motion  secondmy-flow  ef- 
fec ts  may even benefit a campressor  by increasing  the  blade  tip loading. 

- 
Rotor-Stator  Interaction  Effects 

The interference  effects of a rotating  blade row upon a statfonary . row upstream are shown by high-speed f l a sh  i n  figure 21. (While the 
blade rows depicted  are more typical of a turbine  configuration,  the  ef- 
fects should be qual i ta t ively  the same f o r  canpressor  blade rows.) Fig- 
ure 2l(a) shows that the  pressure f ie ld  associated  with  the ro tor  blad- 
ing a t  certain ro tor  positions  causes  thickening of the boundary layer 
on the  suction  surface and a long  the trdling edge of the  upstream 
blades, a;nd hcreased  radial flow results. A t  the second r o t o r  position 
(fig.  Zl(b)),  this thickening does not  occur.  Further tests indicate 
that these  effects depend on the blade stagger  angles,  pressure distri- 
bution,  rotor speed, and mainstream Mach number.  The motion-picture 
supplement t o  reference 6 shows - . - these . . . . . . effects  . . . very  clearly,  as w e l l  as 
blade  boundary-layer development and  shedding in  annular-cascade con- 
figurations,  radial  boundary-layer flows, secondary-f low double-boundery- 
layer roll-up, and others. 

A Model  of Secondary Flow i n  Compressor Blade Rows 

On the basis of the  experimental results presented  herein, it i s  
possible "Lo construct a model of  secondary flow i n  compressor blade 
rows. However, two important  factors  are  not  accounted f o r  fn the ex- 

ri perimentd tests: (1) the   effect  of  centrifugal  forces on f low in a 
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rotor, and (2) the effect of upstream stages..& flow i n   e i t h e r   s t a t o r s  
or r o t o r s .  Therefore, before  such a secondary-flow model can be assumed 
rea l i s t i c ,  further knowledge of- these  factors  i s  required. 

Insight in to  the influence of both of these FElctors can be obtalned 
from t e s t s  conducted on a multistage compressor ( ref .  7) .  The res~lts 
presented  give  indications of outward radial flow of boundary-layer ma- 
ter ia l  in   rotor   blade passages and subsequent  accumulation of this ma- " 

terial i n  the blade t i p  region. I n  s ta tors ,  i n w a d  radial flow is indi- 
cated. As boundary-layer air flows through the.various  stages,  the u) 

cmparatively  large secondary-flow  displaceplents  produce a mixing of 
t h i s  boundary-layer air with the w i n  stream. This mixing action  pre- 
vents  continuous  boundary-layer  buildup on flow  surfaces and tends  to  
make the mainstream velocity more uniform. It a l s o  makes possible more 
direct   application of the secondary-flow studies in cwcades  to flow 
analyses of multistage compressors. If coiitjnuous  boundary-layer growth 
took pla;ce on compressor mulu~ walls, a SLtuation would occur i n  w h i c h  
flow conditions would be s ignif icant ly   different  frcxu those  occurring i n  
the cascade  studies.  Theories of ccmrpressor f low behavior  based on cas- 
cade studies would then be of doubtf'ul va l id i ty  even i n  a qualitative 
sense. 

x tc 

. . . . . . - 

" 
The above-mentioned factors,  along with the experimental results pre- 

viously  presented,  are  used t o   p r e d i c t  the probable  secmdary-flow  pat- 
terns   in   the  var ious types of blade rows -of axlal-flow compressors. 

- 

Flow i n  shrouded s ta tors .  - Pres.su3-e gYWents   in  M e t  guide vanes 
o r  i n  a shrouded b t d u r  tf-ansp0r-b wall boundary layers toward the  suction- 
surface  side of blade  passages and transport blade surface boundary lap 
er and boundary J-ayer that accwrmlates ne= bhde  t i p s  radlaUy inward. 
R a d i a l  transport of boundary layer takes place in regions where viscous 
shear forces are low; f o r  example, i n  blade wakes. The paths by which 
the secondary-flow mechanism transports boundary layer are indicated i n  
figure 22 . 

Boundary layer that accumulates near a blade suction surface at the 
hub generally  rolls  Up in to  a pa i r  .of flow Vorfilces ro ta t ing  side by 
side i n  opposite  directions. In physical  extent, this vortex pair is  
dominated by the  passage vortex. On the  outer h u l m  walls, vortices . .. 

may o r  may not form. As indicated.by  these experimente, a vortex is  
l ike ly  t o  form. if  the boundary layer on the suction  surface i e  either 
separated or re la t ively  thick - a condition  associated with '*poor" 
suction-surface  velocity  profiles. If suction-surface boundary layere 
are th in  and unseparated,  cross-channel boundary layers tend  to  flow 
radially inward i n  the w a k e  region rather than t o  r o l l  up a t  the  blade 
t i p .  

" .  . . .. 

c 
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Because of the  pressure rfse through a given  stage, there may be 
flow leakage  around  a  shroud r ing caushg  local  disturbances at the in- 
l e t  t o  a stage. Th i s  would tend t o  qualify t o  some degree  the  secondary- 
flow model presented. 

* 

Flow i n  unshrouded s ta tors .  - Ln unshrouded s t a to r  passages, two 
secondary-flaw components exist i n  addition to  those  noted  previously: 
(1) tip-clearance flow through  the gap between the  blade ends  and the 
hub,  and (2)  flow caused  by the relat ive motion between the blades 
and the  rotating hub. The effect  of this relat ive motion  appears t o  

0 4  
rp be aspiration of boundary-layer material from the  blade  suction sur- a face with attendant  transport of this boundary-layer air i n  the direction 

of the  rotat ing hub, As these two flow cmponents oppose the motion of 
cross-charmel  secondmy-flow components, the resultant flow pattern i s  a 
function of the  respective magnitudes of the  various components. As such, 
the resultant f low depends upon such factors 88 the s ize  of the  blade 
end-clearance  space,  blade  end  loading,  magnitude of cross-chamel  pres- 
sure  gradient,  boundmy-layer  accumulation on blade  surfaces, and speed 
of the rotor   re la t ive t o  the blades. Because of the motion of the hub, 
accumulations of boundary-layer material that would occur near a blade 
suction  surface f o r  a stationary hub will now occur  nearer  the  pressure- 
surface  side of a passage. As indicated in the t e s t s  of the two- 
dimensional  cascade with a movFng boundazy-layer material may be 
swept cmpletely  across a blade  passage  and r o l l  up against the pressure- 
surface  side. 

F 
8 

s 

Flow in   ro to r s .  - Experimental  information  concerning  secondary flow 
in  rotors   indicates  that radially outward f low of  boundary-layer material 
will probably take place  because of the predominance  of centrifugal-force 
effects  over radial   pressure gradients. A t  present, details of flow be- 
havior in   the   b lade   t ip   reg ion  must be Fnferred from knowledge of sec- 
ondary flows in   o ther  types of configurations. On this basis, it i s  
highly probable that flow behavior i n   t he   t i p   r eg ions  should not differ 
markedly from the behavior predicted in  the hub region of unshrouded 
s ta tors .  

The UmLtations  inherent in   the  types of eQerimental analysis of 
secondary flows considered  leave  several  important problems t o  be In- 
vestigated. One of these problems i s  quantitative  prediction of vaxia- 
t i o n s   i n  thermodynamic propertiea of the   f lu id  that resu l t  from the de- 
velopent  of secondary flows. Another  problem i s  the establishment of 
the  physical basis o r  underlying  causes f o r  cer ta in  observed phenomena 
(e .g. vortex  roll-up  near a blade  suction  surface) . Problems of this 
nature are perhaps  best  attacked by means of theoretical  investigations. 

- 



To date,  theoretical  research on secondary  flows has been limited 
because of mathematical  ccenplexities. However, certain  special  aspects 
of secondary-flow  behavior have been treated  analytically by use of sim- 
plified  theories.  A fair amount of progress, f o r  example, has been made 
on the  calculation of boundary-layer  crossflows and on the  calculation 
of vor t ic i ty  components associated  with  secondary  flows i n  two-dimensional. 
cascades  and  channels. While much of the work has been r e s t r i c t e d   i n  
scope,  important groundwork has been  provided f o r  more extended 
investigatians. - 

. .  . " 

In the following sections a review of representative  analyses from 
the body of current  theoretical  research is presented end discussed. It 
is the purpose.of.   this review  to.  provide imigh t  into methods of analyt- 
ically  attacking secondm-y-flow problemS,: t o  ,$lluatrate . . t h e  nature of .the 
mathematical  theory  involved, to indicate  application of solutions t o  ape- 
c i f i c  problems, and.to point ou t  possible  bases f o r  further  research. . 

As w i l l  be noted, the  analyses  discussed  are  categorized on the basis 
of assumptions made-in current secondary-flow  theory  regarding  the  nature 
of t h e  f l u i d  analyzed. The  two major categories  are (1) nonviscous-flow 
analysis and (2) boundary-layer-flow  analysis. The analyses m?e die- 
cussed i n   t h i s  way because particular analyses i n  me of these  categories 
are  necessarily  restricted  to  the  conlsideration  of"-specific  types 0". 
physical flow phenomena. As a consequence, only  certain  special  aspects 
of secondary flows observM  exgerimentally  can be treated  within  the 
framework of the  theory. A division of the discussion  into  "analysis 
types" is therefore  equivdent,   in a sense, t o  a division I n t o  specific 
types of problems having certain common characterist ics.  

Discussion of M e w s  

With only minor .exceptions,  the  theoretical research on secondary 
flows has been  concerned with steady, lncmpressible flows. Such flows 
are  described  in  their  most general form by the  Navier-Stokes  equations 
along with  the  equation of ConkLruity. This system of four  eqyatlons in 
rectangular  coordinates i s  as follows: 

u x + v g + w  aU 

u , + v g + w  aw 

u z + v G  
av av + w 

au av 
a x + a y +  
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where u, v,  and w are  components  in  the x, y, and z directions, p 
is  the  density, p the  static  pressure, and V the  kinematic  viscosity. 

Solutions to the  complete  set  of  equations  are  almost  impossible  to 
. 

obtdn f o r  boundary  conditions  of  the  type usually occurring in aerody- 
namic  problems. In  genera,  it is  necessary  to make such simplifyin@; 
assumptions  concerning  the  nature  of  the  flow problems that  the  corre- 
sponding  simplifications  in  the  equations  make  them  mathematically 
tractable. Two typical shplifying  assmptions occurring in secondary- 
flow  research  are  now  Considered. 

One  of  the  ways  to  simplify  the  Navier-Stokes  equations  greatly  is 
to  assume a nonviscous  flow,  that  is, Y = 0. Although  secondary  flows 
are  almost always a result  of  viscous  action  in a fluid,  the  asslmrption 
of  nonviscous  fluid flow is  considered  reasonable in certdn instances. 
One  of  the  most  common  is  the  case  where  the  flow  paths  under cmsidera- 
tion  are  not  large  in  extent  (e. g., flow  in  cascade  passage) and where 
viscous  shear  forces  are  not  likely  to  be high. The flow crossing the 
boundary of  this  region  is  considered  to  have a velocity  gradient,  and 
hence  vorticity,  by  virtue of viscous  action  upstream  of  the boundary. 

F 

$. viscosity  over  the  short  flow  path  are negligible campared with effects 

w N 

d Within  the  region,  however,  the  basic assmption is that  the  effects  of 

of  the  vorticity  associated  with  the flow. 

It  should  be  noted  at  this  point  that, with the  assumption v = 0, 

longer  possible  to  satisfy  the  two boundary conditions  for a real  flow; 
that  is,  that  the normal and tangential  ccanponents  of  the flow at a sur- 
face  be  zero.  The  single  boundary  condition  specified  is  that the flow 
normal to  the  surface is zero and  hence  the  condition of "no-slip"  at 
the  surface is not assured. In actual  application of nonviscous-flow 
analyses, this  defect is generally of secondaxy  importance. 

. the  flow  equations  are  reduced  to  first-order  equations  and  it  is no 

In flow  problems  where  viscous shear forces  near bounding swaces 
are  likely  to  be high, it  is  desirable to retain the  friction terms 
( Y  # 0) in  the  Navier-Stokes  equations.  One  of  the ways in which t h i s  
is &ne,  while  still  simplifying  the  general  form  of  the  equations,  is 
by  use of boundary-layer theory. The  principal  physical  assumption  made 
here  is  that  the  effects  of  viscosity are predominant only in a very - thin  region  (the boundary layer) in the neighborhood  of  the  fluid  bound- 
aries, while  the  rest  of  the  flow is regarded as frictionless.  Further- 
more,  the  pressures  associated  with  the  frictionless  region  of  the  flow 
are assumed known and  are  superimposed on the  boundary-layer flow. 

obtained in several ways, with  the various derivations stressing  either 
intuitive  physical  considerations  or r i go rous  mathematfcd theory. 
(See ref. 8 ch. 4 for  the  physical  approach  and  ref. 9 ch. 18 for  the 

a Mathematically,  the  governing  equations  for  the  boundary  layer  can  be 

* mathmtical approach.) To illustrate  the  simplifications  in the 
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Navier-Stokes  equations that result  from  boundary-layer  hypotheses,  the 
boundary-layer  equations for. flm on a nonrotating, flat (or slightly 
curved)  surface are given: 

where x, y, and z are  rectangular  coordinates  Kith x and z paral- 
lel  to  the  bounding  surface and y normal to  the  surface; u, v, and w 
are  boundary-hyer  velocity  components i n  the x, y, and z directions, 
respectively; and U, V, and W are  the  velocity cmponents of  the non- 
viscous region  of  the f low in the x, y, and z directions,  respectively. 
These  velocity  cornparrents of the nonviscous region  &re  assumed known. 
The  third  equation necessary for solution  (the  continuity  equation} has 
the same form a6  eq-tion  (2) . 

Although  equations  (3a) and (3b) indicate that the  Navier-Stokes 
equations  have  been  greatly  simplified, solutions for the system  of  equa- 
tions (2)  and (3) are difficult  to  obtain for even relatively  simple 
three-dimensional  configurations. In fact,  almost all exieting  analyses 
require  the  application of numerical  methods  to  obtain  solutione. 

c 

The  bouuda,ry-layer  approach  to seconda.ry-flow,behavlor should  be a- 

satisfictory  for  flow  problems  where  frictional  effects  or  energy gradi- 
ents are  confined to. the  neighborhood of the fluid boundaries and f l o w  
separation  does not exist. ."" . 

. . .  
. . . . - . . " . . . - " . . .. "" 

. . .. 

It might  be  noted  that a few inyestigations o f  sec%dary flows have 
dealt  directly  with  the  Navier-Stokes  equations  without assuming any 
special  properties f o r  the  flow.. This approach  is  practical only if the 
Eteroaynamic  configuration  is  simple i n  form.  At  the  present  time, analy- 
ses of completely visco-Us Tlow €bt.might have had sigrdficance for 
secondary-flow  research in turbomachines have been confined to the study 
of flows in  pipes a ~ d  channels  (refs. 10 t-o @I. Unfortunately, the so- 
lutions  presen- in  these  references  have  been  achieved only for very 
low Reynolds  numbers-and for the  case of fully developed flaw; that ie, 
flow  in  which  the  effects of the centrifugal  forces  acting 011 the  energy 
particles and the  effects- of viscous dissipation  in  the fluid are i n  
balance. In turhomachineblade row,  this  condition  of  equilibrium is 
generally not achieved;  and, hence, the  secondary f l o w  is a function of 
the  turning.  Although  theoretical studies or viscOu8 flows of t h i e  tyye 
are of great  interest in their own right,  flrther  discussion of these 
studies will nut  be  undertaken in the present  chapter. 

- 
.. "" 
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Nonviscous-Secondary-Flow Theory 
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The  study of secondary  flows  through  application  of  incompressible 
nonviscous-flow  theory has been  principally  restricted  to  investigations 
of flows in pipes  or  rectangular  channels such as  formed  by drfoils in 
cascades.  The  fairly  large  number  of  reports  dealing  with  this  topic 
make a complete  review of the  theoretical  literature  prohibitive.  Con- 
sequently,  the  review is restricted  to four reports  (refs. 14 to 17) 
vhich are  closely  associated  with  flow  through  cascades and which  incor- 
porate  basic  notions common to  most  nonviscous-flow  analyses. 

F l m  in chaanels  and  two-dlmensional  cascades. - "O reports  (refs. 
14 and 15) have  became  classical  references in nonviscous-secondary-flow 
research.  Both  papers  consider,  in  general,  secondary flow in a guiding 
passage  (pipe,  channel,  blade  row,  etc.)  which  results  from a nonuniform 
total-pressure  distribution  upstream of the  passage  inlet.  Mathemati- 
cally,  the  analyses  are  based  upon  three  governing  equations  for  flaw  of 
a steady,  incompressible,  inviscid  fluid.  These  equations  are 

curl (V X a )  = 0, the eqwtion of motion (4) 

div = 0, the  conservation  of  vorticity (5) 

div V = 0, the  continuity  equation (6) 

where V and 51 are,  respectively,  the  velocity  and  vorticity  vectors 
of the  flow. 

From  equations (4) to (6), reference 14 derives an expression  for 
the  vorticity  component in the  through-flow  direction damstream of a 
two-dimensional  cascade. KnowFng the  magnitude of this  vorticity  cam- 
ponent,  it  is  then  possible  to  obtsFn an approximation  to  the  secondary- 
f l o w  velocities. This  derivation  is  based upon a perturbation analysis 
that  consider6  the  two-dimensional.  potential  flow  through  the  cascade  as 
a first  approximation to the  actual  flow.  Consequently,  the  applica- 
bility of the  analysis is restricted  to a class of flows for  which  the 
perturbation  assumptions  are  reasonable. 

The  expression  for  the  vorticity  component in the  through-flow 
direction  was  actually  evaluated f o r  flaw in a circular-arc  channel i n  
which  the  basic flow was given  as  that  of a free vortex. Before  the 
calculations  were  completed,  howzsrer, a further  assumption  was  made 
which  is  physically  equivalent  to assuming that  the  channel  is  very 
narrow.  This  leads  to  the following expression for the  vorticity  com- 
ponent : 

c 
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where 

El magnitude of vort ic i ty  component in thr'ough-flow direction at cas- * 
cade exi t  ( &  = 0 a t  inlet) 

. . . "  

e t o t a l  tun&% of channel 
. ... ... 

U i n l e t .  flow velocity 

-om the expresd-m.Tor E, 1, the seconda;t-g-fiow v d o c i t y  cmponents were 
obtained and a; p l o t  of secondary-flow  streamlines  calculated (ref. 14). 
These theoretical   results were  .coIllpared with e-xperimental daa talrea in 
a c i r c u h r - a r c ~ t w n i n g  section- The flim in-the experimental t e s t s  had 
an induced inlet   velocity  variation of the tylpe, required in the analysis; 
tha t  is, small velocity gradient. For the veTocity pro j i l e  shown Fn 
figure 23, agreement between theory and experiment w a s  fairly good. 

. - .  

Reference 15 d i f fe rs  frm reference i4 in that the  former analysis 
. . . . . . . . 

begins with equations. (4) t o  (6) and develops .a general  .expression f o r  
the change i n  "seconBary circulation" along a &reamline in a perfect, * 
incompressible f lu id .  The secondary  circulation I s  proportional t o  
&/q where E: is the component of vorticity in the  dLrection of f lu id  
flow and g is the magnitude of the flow velocity  vector. 

.. 

c 

The e.zpression for   the change i n  secondary circulation along a 
stremUne is  obtdned frm equations (4) t o  ( 6 )  by applying certain 
well-known resu l t s  fram vector analysis and differentieilgeometry. The 
final form of t h e  expression is e v e n  by 

. ." 

where 

S 

PO 

P 

0 

R 

streamline arc length 

i 

total pressure --- - 

density 

m e  between directim of principal normal- t o  .etre&e and 

. .. . 
. . .  

normal to.Bernoulli surface (surface of cmstant   total   pressure)  
on which streamline l i e s  

1 

- 
" .. 
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and  the  subscripts 1 and 2 indicate  arbitrary  points on the  stream- 
line.  It  follows  at  once  that, if cp = 0 (R # 0) , then (&/q) = (r/q) l; 
that  is,  there  is no change  in  secondary  circulation  along  the  stream- 
line.  Furthermore,  from  differential-gemetric  considerations, 
l/Rg = sin cp/R where l/Rg is  the  geodesic  curvature  of  the  streamline 
on the  Bernoulli  surface.  Therefore, = 0 (R # 0) implies  that 
l /Rg-= 0. Reference 15 summarizes  these  results  by  stating,  'Qence 
streamlines along which  the .secondary circulation remains unchanged  are 
geodesics on the  Bernoulli  surface. " 

r 

It  is  pointed  out  that  the  simplest  examples  to  which the general 
theory  may  be  applied  are  those in which  the  initial  flow has a uniform 
static  pressure  and a velocity varying in  one  direction  only.  Such 
flows  may  exist in the  boundary  layer  of a large  straight  duct or in 
an open  channel  whose  width  is  large  compared  with  its  depth. 

From a physical  standpoint,  when a stream  enters a bend  whose  plane 
is  parallel  to  the  Bernoulli  surfaces, a secondary  circulation  is  created 
and  the  ensuing  secondary  flow will eventually  distort  the  Bernoulli 
surfaces so that a l l  semblance  to  the  original  velocity  and  total-pressure 
distribution  may  be  lost.  However,  if  the  distortion of the Bernou l l i  
surfaces  is  assumed small, Igrad  (p,/p) I and cp in equation (7) can be 
considered  constant  and a first-order  solutian  obtained  for  the  secondary 
circulation. As an illustration,  the  method  (with  these  assumptions)  is 

for  change in the  vorticity cmponent in the  through-flow  direction  is 
identical  to  that  obtalned  in  reference 14. 

L 

- applied to the  problem  posed in reference 14. The resulting  equation 

Even though  nanrLscous-flow  analyses  represent a simplified  ap- 
proach  to  secondary-flow  problems,  solutions  of  the  governing  equations 
still are difficult  to  obtain. A question  &ways  exists  as  to  the 
meaningfulness of results  obtained  by  introducing  further  simplifying 
assumptione in the flow model  to  obtain  solutions. A partial  answer  to 
this  question  is  found  in  reference 16, which  considers  secondary flow 

f in a 90' bend of rectangular  cross  section.  The  secondary flow is first 
calculated  by  means  of a perturbation  analysis and then  compared  with a 
"simplified  solution."  Theoretical  results  are  finally  compared  with 
qerimental data. 

In carrying  aut  the  perturbation  analysis,  the  stagnation  pressure 
is  assumed  to vary i n  a direction  perpendicular  to  the  plane  of  the  bend, 
and the  secondary-flaw  velocities  are  assuned small compared  with  the . main-flow  velocities.  The  basic  flow  is  defined,  as in reference 14, 
to  be  the  flow in a free  vortex.  The  perturbation  velocities  are  then 
shown  to  be  determinable from the  solution of a Poisson  equation. This 
solution  is  expressed as an infinite  series Snvolvlng 3essel  functions. . The  series,  however,  converges  slowly, and a great  deal of calculation -- is  required  to  obtain answers of reasonable  accuracy. 
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The simplified analysis presented  incorporates  further  assumptions 
than those made in the  perturbation analysis, and the problem is f ina l ly  
made ccmpWa3le t o  the one considered i n  reference 14. A particuLar 
solution  to  the problem i s  then calculated by assuming a =near varia- 
tion  in  stagnation  pressure at the  entrance of a bend having the  geanetry 
of the author's tes t   apparatw.  The velocf'ties  obtained by the simgli- 
f ied  method are compared with  the more exact perturbation solution men- 
tioned  earlier, and the. agreement i s  found to be gpod fo r  this particu- 
lar case. 

The t h e o r e t i c d .   r e s i i t s  &e then ccmrpared with eGerimental re6ults 
. . . . . . . . . . 

i n  a 90° bend (ref; 16) . For a turnin@; &&e i n  the b" comparable t o  
that found in  campressor  cascades, a ccaq%xrlson of. the"theoretical  &d 
experimental radial velocit ies falls withiqthe  l imite  of experimental 
accuracy.  Therefore, f o r  the ty-ges of nmviscous-flow analysis under 
consideration,  the extra labor-involved in improving the solutions to 
secondary flow in a chamel by the more exact calculatians would appear 
t o  be  unwarranted as long as the secondary-flow veloci t ies   are  assumed small. 

A f e w  attemsts have been made t o  develop methods which are  exten- 
sions of the type of analysis  init iated  in  references 14 and 15 and 
which potentially  are  capable of yieldlng.more  exact  solutions t o  
secondary-Plow problems. One such m e t h o d  i s  outlined in reference 17. 
In t h i s  report the secondary flow in channels and cascades of airfoils 
is  considered  calculable by a mccessive-aGoxim&.on.:tecbnique. The 
flow is assumed t o  become asymptotically parallel and l;(onuniform at  up- 
stream inf ini ty .  A velocity f ie ld  i s  postulated for  the  region t o  be 
investigated whlch has zero normal velocit ies an the flow boundaries 
and w h i c h  assumes the given aaymptotLc values a t  upstream inf in i ty .  
This velocfty field is  chosen t o  s a t i s w  the  contfnuity  equation though 
not  necessarily the momentum equations. Frm the-,;prescribed  velocities, 
a vortex  f ie ld  i s  calculated by means o f  the .&.~~c&y  vorticity  equatians. 
The vortex field i s  then integrated  to  give a nex- velocity f ie ld,  and 
the  process i s  repdted  unti l   discrepancies 'between successfvely calcu- 
lated velocity fields are small. 

" . .  .... 

Reference 17  points  out, however, that the computational  labor in- 
volved i n   t h e  approximation scheme  malres more than one s tep  unlikely. 
A r e d i e t i c  choice of the in i t ia l   ve loc i ty  ffeld is required,  and 
usually enough is known about  the  desireit"so1utim t o  make t h i s  possible. 

Evaluation and conclusions. - The varlous analyses  discussed out- 
l ine  approximate methods f o r  predixting s e c o n d q  flm i,n channels @ 
two-dimensional  cascades. The- princ1pd"res~~ction appmng to   these 
analyses 2 s  that they asmtme a variat ion  in  inlet YeZocity that extends 
well into the flow passage (see  fig. 23). In most two-dimensional- 
cascade  investigations, the variation is lrurely t o  be confined t o  a thin 

-1 - .- " 

. . -  . .  
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boundary layer.  Tests in such  cascades  Indicate a pronounced cross- 
channel flaw and a concentration of vorticity  near  the  suction-surface 
side of the passage. As would be expected, none of the examples worked 
out by nonviscous-flow methods predlct such a phenomenon. There are 
indications, however, that this type o f  approach may be a first s t e p   i n  
t reat ing secondary flow i n   t h e  final atages of a compressor  &ere  varia- 
t ions in velocity  are of the type  required and viscous  effects on the 
primary f low pattern  are of secondary  importance. A complete analysis, 

rp 
crl of course, would have t o  include the effects  of t ip  clearance and radial  
s pressure gradients. It might also be  possible t o  combine nonviscous- 

flow theory and boundary-layer  theory i n  a manner that w o u l d  allow for 
calculation of secondary flows in   t he  inlet stages of a compressor. 

Reference 15 is of par t icu lar   in te res t ,   in  that the  equations de- 
rived  are  general in form. However, it should be  noted  that  the formula 
f o r  secondary circulation 

co 
I+- i s  not an expl ic i t  r e l a t i o n  f o r  the change i n  secondary circulation. 

Th i s  follows frm the   fac t  that the velocity  q i s  affected by E, and 
hence the  integrand i s  in turn a function of E .  Consequently,  equation 
(7) is  actually  an  integral  equation f o r  the  secondary  circulation or 

i n  secondary circulation can  be readily  simplified are those i n  w h i c h  it 
i s  assumed that the  Bernoulli  surfaces remain f l a t .  The formula  then 
becomes . .  

- the   vort ic i ty  component 4;. The cases where the formula f o r  a change 

Experimental  studies have shown, however, t ha t  this assumption ( w i t h -  
out  further  modifications) will be invalid f o r  many problems of pract ical  
interest   (see  experhentd  sect ion of the present  chapter). This f ac t  
i s  recognized by the  author of reference 15 in EL discussion of flow i n  
bent  circular  pipes. In t h i s  case,  simplification was achievedby con- 
sidering  only  the  path of a par t ic le  of maximum t o t a l  pressure  new 
the outside w a l l  of the  pipe and assming that the  velocity and I grad (p,/p) I remain constant on a s t r e d i n e .  

References 16 and 1 7  emphasize the mathematical d i f f i cu l t i e s  in- 
volved when  more exact m e t h o d s  are  used in  calculating  secondary f lows  
by use of nonviscous-flow  theory. However, the  reports also indicate 

of problem  under cons.ideration. 
. that the  simplified  solutions  give fairly adequate results for   the ty-pe 
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One of the early  theoretical  papers aa three-dimensland boundary 
layers i s  reference 18, which p d n t s  out two effec ts  i n  three- 
dimensional  boundary-layer flows that are not present i n   t h e  two- 
dimensional  case. The Mrs t   e f f ec t  i s  the result of lateral expansion or  
convergence of streamlines i n  the " p t e n t i a l  flow region" that are pard- 
le1 t o  the bounding w a l l .  This convergence EaUes changes i n  boundary- 
layer thickness and profi le  shape. The second ef fec t   i s . . the  displacement In 
of the boundary layer toward the concave side of the  poten;tial stream as 
a resu l t  of l a t e r d  curvature of that stream. This resu l t s  i n  boundary- 
layer  crossflows  such as shown in   f igure  2. As inaca ted   in   re fe rence  
18, theoretical  calculatian of such flows entails   difficult ies  not  pres- 
en t   in  two-dimensional  boundary-layer studies. 

- 

P 

8 

The theoretical  investigation of secandary flows i n  blade  passages 
through application of boundary-layer theory bas, i n  the past, been re- 
s t r i c t ed  in scope. Almost all analyses bearing on campressor secondary- 
flow problems have been confined t o  the study of boundary-layer  cross- 
flows of the type  noted i n  the experFmental s ec t im .  Because of the . 

assmptions  generally made in classicaLboun&u-y-layer th-eory, investi-  
gation of such phenamena as vortex r o l l - u p - d   t i p - c l e a r a c e  flows is,' 
of necessity,  severely m t e d .  

In the following  sections, reports dealing with basic boundary- 
layer theory and the  application of this t h e o r y  t o  secondary-flow  prob- 
lems are  discussed. -Although reports that enrplay momentum-Integral 
concepts play an important part in the study of boundary layers i n  tu- 
bomachines, this clase of reports is excluded frm the  discuesion. This 
res t r ic t ion  i s  made because mcmentum-integral- methods require a pr io r i  
assmptions  concerning the character of the v&oclty prof i les   in   the  
boundary layer, and a t  present some important questions remain as t o  
how t o  make these assumflims rea l i s t i ca l ly   fo r  three-dimensional fluws 
(ref.  19) .  Consequently, reports that evolve  basic  concepts and deter- 
mine fundamental flow characterist ics  are cumtdered principally. 

All the  reports that give  solutions  to  specific  secmdary-flow 
problems assume that the boundary layer under investigation i s  laminar, 
as a resu l t  of general inability to apply mrent mathematical tech- 
niques t o  the vastly more complicated p r o b l m  of turbulent viscous-flow 
phenomena.  However, as boundary layers in turbomachines are not likely 
t o  be laminar but rather turbulent,  the  gueetim may ar ise  aE t o   t h e  
significance of laminar-flow studies i n  relation t o  turboanachines. In 
t h i s  regard, past -experienc~ indicates that the  factors having fm- 
portant  influence on laminar-boundary-layer floir behavior are  qualita- 
t ively  the same for turbulent flow. 

." 

. " 
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Investigations of three-dimensional  boundary-layer  equations. - 
Because of the complexity of the boundary-layer  equations, it has been 
profitable t o  examine the nature of the  equations  without  actually 
carrying  out  solutions of specific problems. Several  reports,  for ex- 
ample, give  derivations of the boundary-layer  equations i n  various  cur- 
vilinear  coordinate systems  followed  by detailed examination of the 
equations in   these systems t o  determine their important characterist ics.  
Some of the  basic  reports of this type that caa  be  considered  ultimately 
applicable t o  secondary-flow analysis i n  turbcanachines are  summarized 
br ie f ly  . 

The equations in reference 20 are  derived f o r  incompressible 
boundary-layer f low i n  a general  orthogonal  curvilinear  coordinate 
system,  and the  influence of curvature of the main flow on boundary- 
layer  behavior i s  discussed.  Compessible  boundary-layer  equations in 
orthogonal  curvilinear  coordinates  are  developed i n  reference 21, along 
with  the  energy  equation. The results of reference 2 1  are,  therefore, 
more widely  applicable thaa those of reference 20. Following the gen- 
e r a l  developnent,  the  boundary-layer  equations  are  derived for  various 
special  cases and the nature of the  equations i s  discussed. The special 
cases  include flow over a body of revolution,  cylindrical flow, and 
conical flow. For treatment of more general  cases, the equations  are 
derived f o r  an orthogonal coordinate system  determined by the external 
flow streamlines,  the  orthogonal trajectories of those s t remUnes ,  and 
a line mutually  perpendicular t o  the streamlines and their t ra jector ies .  

In the discussion of the  boundary-layer  equations i n   t h e  system 
designated,  reference 21  shows that, i n   t h e  absence of a l a t e r a l  body 
force,  external  stream  curvature i s  needed t o  produce  crossflow.  There- 
fore, i f  the  curvature i s  small and the flaw unseparated,  the  crossflow 
velocity wi l l  probably  be d. This then  suggests that it might be 
possible t o  simplify  the boundary equations by considering a "small- 
crossflow"  appro&.mation. In such an approximation, the terms of higher 
order  than  unity  in  the  crossflow  velocity o r  lateral derivatives would 
be  neglected. This approximation is carrfed  out, and it i s  shown that 
the  equations  for the flow velocity i n  the  streamline  direction (the 
"principal  velocity") can be  put  into the precise form of the two- 
dimensional  boundary-layer  equations and independently  solved. Once 
such a solution has been  achieved, it i s  possible to solve  for  the 
crossflow component. Solving fo r  this component,  however, i s  d i f f icu l t ,  
and it i s  suggested that the boundary layer  be  considered as divided  in- 
t o  two parts.  One par t  would consist of the outer  region of the bound- 
ary layer where viscous  forces are not  large. By se t t ing  the viscaus 
terms i n   t h e  governing eqwtion  equal t o  zero, a "stripwise"  solution 
f o r  this region can be  obtained  along a given  external  streamline. The 
other  part of the boundary layer, termed the "boundary sub-layer" would 
consist of the region adJacent to  the  surface *ere viscous  forces are 
large.  By assuming that the principal  velocity  cmponent i s  l i n e a r   i n  
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this region, an app?obtma-&e solution  for the c&osEflar ccmrponent c&be 
obtained that is valid i n  the  region  close t o  the wall. This sub-layer 
solution can then be  joined to  the  solution  obtained fo r  the upper re- 
gion of the boundary layer t o  @+e a resu l t  v&d fo r  the entire bound- 
ary  layer. 

-. . - . .  

" "  . " 

The equations  for  steady,  compressible three-dimensional boundary- 
layer f low i n  Cartesian  coordinates  and i n  an "implicit" orthogonal co- 
ordinate system applicable  to flow over  bodies of revolution and conical 
bodies are derfved in reference 22. A discussion of the energy equa- 
t ion,  along with a simplification of the  energy  equation f o r  a Prandtl 
number of 1, i s  then  presented. By introducing a vector  potential,  the 
number of dependent variables i n  the boundary-layer equation can be re- 
duced by  one. This is accomplished  by  properly  defining  the bOUnd€Lry- 
layer  velocity components in terms of the   cqqneqts .of . the   vec tor  po- 
ten t ia l .  The boundary-layer  equations and the  energy  equation are  then 
transformed t o  a system of equations  including  the campcinents of the 
vector  potential as dependent variables. In inccnnpressible flows, these 
cmponents are the only two dependent variables. 

Various applications of the equations t o  specific  types of problems 
are also  discussed  in  reference 22. Among the conclusions  reached are 
the  following: (I) For flow with  plane  or axlaUy symmetric boundary 
condftions,  the  three-dimensional  equatians  reduce to  two-dimensional 
form by Mangler's transformation; and (2)  in cases-of flow over flat 
plates at zero angle-of a€tack, when the leading edge is. same arbitraq 
curve,  the flow viewed in-plane$  parallel   to  the  stream and perpendicu- 
lar to   the   p la te  is given by the  plane  Blasius solution. 

The effect  of angular  rotation of the coordAmte system, on the 
boundary-layer q u a t i a n 6  is considered i n  references 23 and 24. The 
boundary-layer equatfons are obtained i n  reference 23 f o r  a Cartesian 
coordinate  system rotating with a constant angular velocity  about a 
fixed a x i s  in space. Ln t h i s  report  the  additional  forces  caused by 
rotation of the system and the  Influence of' blade rows in a turbomachine 
on the boundary layer are qualitatively  discussed. In reference 24 the 
boundary-layer  equations are derived f o r  an mthogonal coordiaate sys- 
tem rotating wslth a constant angular velocity. Both the laminar and 
the turbulent forms are given. These equatiois &e then  used t o  develap 
generalized  mmentum-integral  equations. 

Boundary-mer c ross r im  mer  fht plate  ~ i t h  leian@; edge. - 
Ini t ia l   research on boundary-layer  crossflow on f la t  or  slightly curved 
surfaces was principally concerned with  cdculstions of two- special - 
types of boundary-layer flow over an illrihite f la t  plate.  The first 
was the  resul t  of rotating the p la te  about an a x i s  .normal t o  itrr eurface 
i n  a untform  stream (ref. 25). The second was the resu l t  of irnposing a 
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flow having circular  streamline  (e .g., a free-vortex  type f low) on the 
plate  surface  (ref. 26).  I n  neither of these  cases, however, i s  there 
any variation of boundary-layer  properties with mainstream  turning,  nor 
i s  there any concept that a l l o w s  boundary-iayer  developuent i n   t he  di- 
rection of the mainstream flow re la t ive  t o  the plate.  The resul ts  ob- 
tained,  therefore, do not  directly  apply  to the ty-pe of crossflow ob- 
served i n  two-dimensional  cascades and channels (fig.  2) .  As a first  
approximation t o  the   l a t te r   type  of secondary  flow,  several  investiga- 
to rs  have calculated  boundary-layer  crossflaws  over f l a t  plates having 
a leading edge. In t h i s  type of problem, both  the m i a t i o n  of the 
boundary layer  with mainstream turning and the development of the bound- 
ary layer  in  the  mahstream  direction can  be  studied. 

One of the  early  papers  dealing with this problem i s  reference 27. 
T h i s  analysis  considers  laminar-boundary-layer development over  a semi- 
in f in i t e  flat plate  placed in a flow with concentric  circular  streamlines. 
Both incompressible flow and a compressible f low with  Prandtl number of 
1 are  investigated. The method of solution  for  the  incompressible  case 
is similar t o  that employed i n  two-dimensional  boundary-layer  theory. 
The bound,ary-layer equations  are first expressed i n  a curvilinea.r sys- 
tem of the  type  outlined i n  reference 24. A "similarity parameter" q 
i s  then  defined; and, with  suitable  definitions f o r  the  boundary-byer 
velocity components i n  terms of unknam functions F(q) and G ( q ) ,  the 
boundary-layer  equations  are simplified t o  two simultaneous t o t a l  dif - 
ferential   equations  for F and G. However, certain terms in these 
equations have as a coefficient the square of the  total   turning of the 
main f l o w  from the plat& leading 'edge. The analysis i s  then  restricted 
t o  apply to   the  region of the flow where the  total   turning i s  small, 
and a l l  terms  containing  the  square of the  total   turning are discarded. 
T h i s  approximation  simplifies  greatly  the  equations  for  the  unJsnm 
functions F and G, and solutions are obtained for the  special  case 
of a mainstream f l o w  of the free-vortex type. The results show that 
the  velocity component u in the  direction of the main flow and the 
component w normal t o  the main flow direction and pa ra l l e l   t o   t he  
plate  surface can be expressed by 

u = U1F' (q) 

and 

w = €JUIG'(q> 

where U1 i s  the  Wnstream  velocity and 8 i s  the t o t a l  turning of 
the flow. 

Typical  velocity  profiles are shown in figure 24. The analysis of 
reference 27 a l so  dLscloses that there i s  a llmiting  deflection of the 
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boundary layer a t  the plate  surface, w h i c h  for the pa r t i cu la r  case d i e  
cussed i s  a function of' the t o t a l  mainstream turning. LituLting deflec- 
t ion has a l so  been noted ia visualization  studies of crossflovs. 

Further  progress in   the  invest igat ion of crossflow phenomena is 
made i n  references 28 and 29. Both analyses.treat  a flow over a f lat  
plate  which i s  of a type that makes possible the exact  solution of the 
boundary-layer  equations.  Their  solutions,  therefore, are not  subject 
to  the  restrictions  inherent  in  reference 27 because of the assumption 
of small mainstream turning made i n  that reference. The apecial two- 
dimensional  mainstream flow conaidered i n  references 28 and 29 is de- 
fined by 

u = constant 

where . . "" . .- . ." . . ..  .. - 

U mainstream component normal to  plate  leading edge 

W mainstream cmpoxent paral le l   to   leading edge 1 

x distance from leading edge  measured slang plate  surface 

Th i s  rotational  flow has streamlines tha t  are  parabolic in farm. Fur- 
thermore, the entire  streamline  pattern  can be obtained by simply 
translating a given  streamline in a direction parallel to  the  plane 
leading edge (fig.  25). 

. .. " - 

" 

The solutions at? the boundary-layer equatims Fn t h i s  problem are  
obtained i n   t h e  usual way of defining a siallari ty variable and  reduc- 
ing  the  boundary-layer  equations t o  or" differential  equations. 
In both  reference 25  and reference 29, solutions  are  obtained  for  the 
case where the mainstream Plow has 0' inc l ina t ion   to  a lFne perpendimp 
lar t o  the  plate  leading edge. Reference- 2 8  also considers two other 
cases where the incJj.natims are 60' and -60'. The streamline  patterns 
for  these flows are obtained by m e r e l y  shift ing  the paraboks in figure 
25 t o   t he   l e f t   o r   t o   t he   r i gh t .  

- 

. ..  .. - 

I n  the three cages discussed i n  reference 28, -regi& exist i n  the 
" 

flow f i e l d  f-or w h i c h  the   total   pressure - in  the boundary layer exceeds 
that in the mainstream. The reason that par t ic les  i n  the boundary layer 
can have a k g e r   t o t a l  pressure  than  those in the mslnstream  follows 
the  postulation of a total-pressure  gradient fo r  the main flow  parallel 
t o  the leading edge of the  plate. Consequently,  boundary-layer e 

* 
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streamlines (which curve more sharply than those i n  the main stream, 
f ig .  25) may transport   particles of high t o t a l  pressure  underneath main- 

a f low streamlines of lower total   pressure.  

Reference 28 also &cusses  the problem of “three-dimensional  sep- 
aration”  (i.e.,  separation of the  actual f low profile  as  distinguished 
from separation of a single velocity-component prof i le   tha t  may not 
indicate  separation of the total flow). The reference shows tha t  such 
three-dimensional  separation does not  occur,  because the  crossflow 
prevents  sepmation (in the example presented)  by  transporting  fluid 
w i t h  high energy t o  the  “crit icel”  regions.  

In addition to  the  research mentioned, there i s  one other  publica- 
t ion known to  the  authors that includes  detailed  treatment of crossflow 
over f l a t   p l a t e s ,  namely, reference 19. In this report a group of prob- 
lems f o r  which the mainstream flow has small curvature i n  the lateral 
dlrection are analyzed. The velocity components of the mainstream are 
characterized by . .  

u = u, + u (x,z) * 

w = W*(X,Z) 

where U is   the   veloci ty  component in  the  direction normal t o  the lead- 
ing edge of the  plate  (the  x-direction), and W is the  velocity compo- 

26). It i s  also assumed that 
. nent  parallel   to  the  leading edge of the p la te   ( the   z -a rec t ion ,   f ig  . 

Uo = constant 

w*< <u, 

u * c  <uo 

By a perturbation method, the velocity  profiles of the  crossflow  in 
the x- and z-directions  are  calculated  for a variety of incompresstble 
mainstream flows f o r  w h i c h  U * and W* are  expressible as 

u* = bx%i 

and 

. w* = d z k  

In  this analysis,  the  boundary-layer  velocities uq w, and v i n  the 
x, z ,  and y directions,  respectively,  are  then  considered t o  be of the - f o m  
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u = u g + u *  

w = w* 

v = vo + v* 

NACA RM E56B03b 

where ~0 and vo are the  boundary-layer  velocity  components  in  the 
well-known Blasius  solution for a uniform flow of velocity Uo over a 
flat  plate.  The  quantities u*, g, and v* are  the  perturbation  veloc- 
ities on this  basic  boundary-layer  flow. _ .  

It  can  be  seen that one of the  flows  considered  in-references 28 
and 29 is a special case of the  family of flows investigated  here;  for 
example, U* = 0, W *  = ax. This special  case is worked out with  the use 
of  the  perturbation  analysis;  and,  in  this  instance,  the  perturbation 
analysis  is  equivalent  to  the  type of analysis  employed in references 
28 and 29. 

By considering a range of values o-P the  exponents m, i, n, and k, 
the  effect of various  flow  patterns on velocity  profiles  and boundary- 
layer  displacement  thickness  is  investigated at tjome length. As in ref- 
erences 28 and 29, certain  rotational  flows  give.  rise  to boundary-layer 
velocites  that  exceed  mainstream  values.  The  effects of angular rota- 
tion of the  coordinate  system and compressibility on crossflow  velocities 
are  briefly  analyzed.  The  results  of  the analysis of angular rotation 
are  applied  to flow on surfaces of compressor blades. It is concluded 
that,  if  the  main  flow  deflects-toward  the  blade  tip n e e  the  suction- 
surface  slde  and  toward  the  hub  near  the  pressure-surface  side,  then the 
effect of anguhr ratation is to  increase  the  crossflow on the  suction 
surface  and  decrease  the  crossflow on the  pressure  surface. 

The  effect af compressibility is discussed f o r  the flow defined  by 
W* = ax and U* = bx. The  conclusion  reached is  that  compressibility 
has the  over-all  effect of increasing  the  boundary-layer  perturbation 
velocities. 

Flow over  flat  plate with thick boundary layer. - In the  previous 
discuseion of boundary-layer flow over a flat  plate,  the boundary layer 
developed  from a definite  leading  edge  and w a ~ l  immediately  subjected to 
lateral  gressure  gradients  that  gave  rise to secondary flows. For flow 
in turbomachlne  conPigurations,  this is  usuaUy not the  case.  Generally, 
the  boundary  leyer develops for a distance in t h e  absence of lateral 
pressure  gradients  before  secondary flows develop. This is true,  for 
example, in flow through the' inlet  of a channel  or  cascade or d o n g  the 
casing  of a compressor  between  blade rows. Reference 30 attempts  to 
gain  some insight into the  effect  of  this  boundary-layer  growth on 
secondary-flow  behavior.  The  problem analyzed is that of a thick 
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b o u n m - l a y e r  flow  over a f l a t   p l a t e  where the boundary layer i s  sub- 
Jected t o  a sudden lateral perturbation  caused  either by a pressure 
gradient or a sudden movement of a part  of the plate  surface over w h i c h  
the flow develops. 

The analysis  presented is a small-crossflow perturbation  analysis 
of the  type employed i n  reference 19. In obtaining  solutions f o r  
boundary-layer velocit ies,  m approximate but  rapid method of solution 
is employed. This method i s  based on the assumption that the  flow  can 
be considered t o  be composed  of a  nonviscous  outer  region and a viscous 
inner  region  adjacent t o  the wall. In view of t h i s  assumption, separate 
solutions are obtained  for  these two regions. These solutions  are  then 
joined a t  a distance from the w a l l  that i s  determined from the  analysis. 

As most of the report i s  devoted t o  the development of methods, 
only two simple  applications  are  given. In the first,  a boundary layer 
flaring two-dimensionally frm the leadAng edge of a plate  encounters 
at some fixed  distance from the edge a surface moving l a t e ra l ly  with a 
constant  velocity. At a given  distance from the edge of the moving sur- 
face,  the  crossflow  velocity is  a function of the  Blasius  similarity 
variable 9. Rear the  leading edge of the moving plate,  these functions 
have a steep  slope, which indicates  rapid rise of velocity from the 
plate  surface  to  the main stream. Farther downstream, they approach the 
well-known B l a s i u s  solution  for flow over a f l a t  plate  with zero pres- 
s u e  gradient. . 

The second example given i s  the case of a thick boundary layer 
which, at a given  reference line p a r a l l e l   t o  the le- edge, encoun- 
t e r s  a  pressure  f ield  arising from a "parabolic" mainstream  flow; fo r  
example, a flow having a la te ra l   ve loc i ty  component that varies as the 
nth power of the  distance frm the f e e d  reference  line.  Solutions are 
carried  out f o r  various values of these powers and for various  distances 
from the  reference line. Near the  point where the  pressure  perturbation 
i s  first fe l t ,  the  solutions  indicate that the thick boundary layer de- 
velops greater crossflow veloci t ies  than in  the  case where the boundary 
develops frcm the  leading edge. It i s  possible   in  this analysis to 
compare the solutions  obtained  for flow at  a  great  distance from the 
reference  line with the more exact solutions worked out  in  reference 
19, f o r  here the two theoretically m u s t  agree.  Progressively  better 
agreement resul ts  frm taJ4ng larger  values of the powers defining the 
mainstream lateral   veloci ty .  

Boundary-layer  flow i n  corners. - One of the  important problems 
mentioned earlier was that of analyzing  secondary flows in  the  corner 
formed  by the side of a channel or  blade row and the  end w a l l  of the 
flow passage. As outlined in  the  experimental  section of this report, 
a fair amount of i n f o m t i o n  on boundary-layer  behavior in  corners has 
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been  obtained in visualization  studies.  TheoreticaUy,  however,  the 
analysis of' boundary-leer  behavior in corner  regions is still  in a 
very  preliminary  stage  of  development. 

Early analyses  of flow in corner  regions  (e . g . ,  refs. 31 and 32) 
are  generally  confined  to  special  cases in which  there  is no pressure 
gradient in the main flow and the corner  reglon is foYmed by the  inter- 
section of plane walls. Reference.19  considers f l o m  over  surfaces  with 
very s h a r p l y  varying  lateral  curvature  (equivalent  to a corner  with a 
fillet).  Perturbation  assumptions of the type employed in the  analysis 
of flow over a f l a t  plate in the  same  reference  are  employed  in  this 
ca6e. In particular,  the  mainstream  velocity is considered  to  be  the 
resultant of a constant "axial" velocity  and  superimposed  perturbation 
velocities of very small magnitude in the  axial and lateral  directions. 

The  boundary-layer  equations i n  reference 19 m e  solved  numeri- 
cally  for  two  choices of mainstream flow in a corner having a hyperbolic 
cross  section. For the  first flow analyzed,  the  axial  perturbation 
velocity is assumed  zero  and  the  lateral  perturbation  velocity is 
assumed constant. In the  second  case,  the axial perturbation  velocity 
is again assumed zero,  but  the  lateral  perturbation  velocity is as- 
sumed to vary as t h e  first  power of the d a l  distance.  Plots of ve- 
locity  profiles and deflections of the  crossflow from the mainstream 
direction  are  presented.  The  results bdicate that, for the  case of 
constant  lateral  perturbation  velocity,  the  corner  establishes a 
crosswise  pressure gradient that  causes  boundary-layer air to flow 
fram  the  upper part of the wall into  the  corner  region.  For  the  second 
example,  the  results  indicate that the  external  flow  possesses a cross- 
vise  pressure mgdient before it reaches  the  corner and that t h i s  pres- 
sure  gradient nat only opposes  the one established  in  the  corner  but 
also  causes a strong  crossflow from the corner region up onto the side 
of the wall. 

Evaluation  and  conclusions. - Application of boundary-layer  theory 
to  the  analysis of secondary f low in  turbomachines has the  advantage of 
accoutltmg  for  vlscosfty  in  the  fluid and thereby allaring the  compu- 
tation of secondary flows that  are  principally  the  result af viscazs- 
action, for example,  cross-channel f l o m .  However, the. application af 
the  boundary-layer  studies  outlined  in  this  chapter  to  compressor flows 
is  severely  limited.  For  example,  the  theories  in gepralhave assumed 
steady,  incompressible, laminar-boundary-layer flow. Ig compressor 
blade rows, such  flows  will  be primarily unsteady,  cmpressible, and 
turbulent. (To date, of course,  it has not been  possible  to  give an 
adequate  mathematical  treatment of flows of this type.)  Furthermore, 
the  present  state of boundary-layer theory does  not al low the  ready 
computation of flows in the  presence of blade rgws. Although same 
progress has been -mile in- this  direction  (re?, -191, the canputations 
of' seconchry flaws &sing from  lateral  pressure  variations i n  the 
main stream are principally  confined  to flows over  surfaces  that  are 
essentially  flat. 

._ 
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In spite of these  restrictions,  several  advantages can be  gained  from 
c present  boundery-layer  analyses. A6 mentioned emUer, they can serve  as 

the  first  step in  a more  comprehensive  study of secon- flows and  can 
possibly  be cmbined with  analyses  treating  other  aspects of the flow. 
Secondly,  they  can  be  used in their  present  form  to  explain  and  interpret 
experimental  findings in relative-  simple flow configurations. (me 
"limiting crossflow" phenamenon  found in both  experimental  and  theoreti- 
cal studies  is  an  example.) Finally, calcuktions of velocity-profile 
shapes  and  basic  parameters  are useful in the  agplication of more  general 
theoretical  treatments  that  presently  exist  (such  as the momentum-integral 
methods 1 . The  determination of profile  shapes, in fact, was one of the 
principal  motivations  for  the  analysis  presented in reference 19. 

CONCZUDING RF;MAIIKs 

The  survey of exgerimental  and  theoretical  research on secondary 

outline  the  present  state of knowledge in t h i s  field,  It  is  evident from 
the  work  discussed  that,  at  best, only an elementary  understanding of the 

9 flows and three-dimensional  boundary-layer  effects  indicates in broad 
x *n 
9 
a basic f l o w  behavim has been  achieved. 
$ d  

The  experimental  work  indicates how such phenomena  as flow dis-  
turbances  caused  by  relative  motion  between  blade ends and annulus w&lls, 
cross-channel  and  radial flows, and vortex formation in blade  passages 

however,  the  pattern of flow  is  greatly  complicated  by  the  interaction 
of these  effects and the  influence of other  compressor phenmena (e.g., 
rotating  stall)  that  have  not  been  considered  in  conjunction with these 
studles.  The  experimental  studies,  therefore, are best  used as a guide 
for  interpretation of experimental  findings in multistage  cmpressors  and 
as a basis  for  constructing  more  comprehensive  models of the  actual flow 
behavior.  With  proper  caution,  however,  the  results can be  rued  in  their 
present form to  guide  certain  design  considerations. ~n the  past,  for 
example, shrouding of blade  rows has at  times  been  advocated  for  the  re- 
duction of losses in blade end regions (ref. 33). The tests  concerning 
relative  motion  between  blade  ends  and  annulus wall, however,  indicate 
that smaller f l o w  disturbances  and  better  performance  are Ukely to  occur 
in  unshrouded  blade  passages (with due  regard  for  clearance, of course) 
than in shrouded  passages. 

. may occur in sFrnple  cmrpressor  configurations. In a multistage unit, 

. 
Theoretical  research on secondary flows and  three-dimensional 

boundary-layer  effects has been  severely  handicapped  by  the  mathematical 

probably  sufficient  to  hope  that  present  theories  can  be  used  to  predict 
a complexity  associated  with  even  the  simplest types of problems. It is 
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"orders of magnitude" of various quantitative  aspects of the flow and t o  
provide a better physical  understandiug of the m e c h a n i s m s  that give rise 
t o  observable flow patterns. * 
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(a) Colmergence of streamunes (rd. 2) . 
Figure 4. - Passage vortex faznrathn. 
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(b) Spanwise  deflection  and vortex roll-up. 

Figure 4. - Concluded. Passage vortex formation. 
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Cross-channel  velocity 

Figure 6. - Boundary-layer  velocity and vorticity 
prof i les  f o r  cross-channel  component of boundary- 
layer f l o w  (ref. 6) . 
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Figure 7 .  - Resistance t o  turning of passage vortex generated by upstraam cascade causes 

' probe on Val1 at i n l e t  to upstream cascade (ref. 2) .  
it to  stribe pressure surface of blade in downstreem cascade. Smoke introduced through 
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r Test section f straightening 
Vanes 

Figure 8. - Soherastic view o f  annular-cascade t e s t  unit (refs. 2 and 3 ) .  
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b- One blade pitch ,-d 
(a) Subsonic flow condition (lower Mach numlser) 
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Figure 9. - Contours of Idnetic-energy l o s s  a t  exit measuring stat ion of 
vortex blades (ref 3). 
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0-5 
5-10 
10-15 
l5-20 
20-25 
25-100 

\-One blade pitch-1 

(b) Supersonic flow condi t im (higher Mach number). 

Figure 9. - Concluded. Contours of kinetic-energy loss at  e x i t  
meamring stat fon of vortex blades (ref. 3). 
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Figure 10. - Paint traces ehowing location of shock and radisl 
flow in thickened boundary regions on suction surfaces of 
vortex blades (ref. 3). 
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Loas, 
(local  velocity)z 

(frdet  velocity) 
percent 
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0-5 
5-10 
10-I5 
15-20 
20-25 
25-100 

b-. One blade pitch 

(a) Full flow fence interrupts radial flow along t r a i l i ng  edge 
and along suction surface. 

Figure 12. - Contours of "tic-energy lose at  ex i t  of vortex bbdee ,  
showing resu l t s  of radial-flow fences, Higher Mach nvmber (ref.  3). 
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0-5 
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10-15 
15-20 
20-25 
25-100 

(b) Modified flow fence interrupts radial flow along trailing edge only. 
Figure 12. - Concluded.  Contours of kinetic-energy loss  at  exit of v m -  

tex blades, showing results of radial-flow fsnces. H i g h e r  Mach number 
(ref. 3). 
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5- 10 
10- l5 
35-20 
20-25 
25-100 

Circumferential  distance, deg 

(a) Lower Wch nmber. 

Figure 13. - Contours of kinetic-energy l o s s  at exit masuring statim of 
constant-di~cwge-angle bladee, set A (ref. 3) . 
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Circumferential  distance, deg 

(b ) Higher h c h  number. 

Figure 13. - Concluded. C a n t m e  of kinetic-energy loss at exit measuring 
station of conatant-disc~ge-mgle blades, set A (ref. 3). 
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Circumferential  distance,  deg 

(a) Lower h c h  nuniber. 

. 
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t Figure 14. - Cantours of kLnstic-energy lose a t  exit measur- statim 
of conetant-discharge-angle blades, se t  B (ref. 3). 
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40-60 
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Wake 

Circumferential  distance,  deg 
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(b) Higher Mach nmber. 

Figure 14. - Ccmoluded. Contoura of kinetic-energy loss at exit measuring 
c , &tion of constant-discharge-angle blades,  set B (ref, 3). 



218 NACA RM E56B03b 

Figure 15. - Deflection of flow off pressure Burface at 
blade end and through  tip-clearance region to roll up 
aa vortex near  suctfon  surface (ref. .2) .  

Figure 16. - -placement of paesage vortex by tip-clearance  vortex (ref. 2 ) .  - 



F i p  17. - Schemntic d i a p m  of apparatus usad for stnasing t ipclearance  effeots  
with relative motion between wall and blade6 (ref. 2) .  
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Figure 18. - Streamline pattern shoving scraping ef fects  at leading 8urfaceB 
of blades vFth r a l a t i v e  motion between blades and wall (ref. 2 ) .  
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C-30441 
(a) Moderate-speed  wall. 

F i g u r e  19. - Effects of scraping  action on streamline 
deflections on pressure surface of blade for "compressor 
configuration." Probe on nose of blade (ref. 2). 
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(a) Stationary  wan. 

NACA RM E56B03b 

. 
(b) Moderate-speed wall. 

Figure 20. - Aspirating e f f e c t i o n  streamline deflections on suction surface of blades. 
Probe on nose of blade (ref. 2) . 
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(a) Firs t   ro tor  position. 

(b) Second rotor position. 

Figure 21. - Effect of rotor  blade  position on radial fluw (ref.  6). 
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I 
Figure 22. - Scbmt ic  alcetoh of seccmdary-flm paths in annular-nmzle m a d e  

(ref. 3). 

I ’ 
. . . . . . . . . . . .  . . . . . . . . . . .  . . .  . . . . . . . . . .  . . .  . . . . . . . .  . I . .  . . . .  



NACA RM E56B03b 225 

Channel wall 

E 
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Figure 23. - Velocity  variation at M e t  to channel (ref. 14) . 

c 



226 WlCA FU4 E56B03b 

U/U, 

(a) Mainstream  direction. 

W/U1 

(b) Cross-channel direction. 

" 

n 

Figure 24. - Typical  boundary-layer  velocity  profiles  (ref. 27). 
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Leading e&e 
of p la te  
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Figure 25. - Parabolic mainstream f l o w  over 
flat pla te  with crossflow in boundary layer 
(refs. 28 and 29). 
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Figure 26. - CDordinate syetem for flow along semi-infinite 
f l a t   p l a t e  ( ref .  19). . .. . 
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CHAPTER XVI 

EF'IZECTS O F  DESIGN AM3 " E m  ERRORS ON COMPRESSOR PEFU?OWCE 

By Robert J. Jackson  and Peggy L. Yohner 

Effects of design  errors on compressor  performance parameters and of 
msasurement errors  on calculated  values of performance  parameters are 
analyzed. Formulas  and charts are presented from which the changes i n  
blade-element  performance  and  calculated  parameters due t o  the  design  and 
measurement errors  can be determined. 

The use of the  design-error charts during the design  calculations 
and i n  the analysis and interpretat ion of data i s  discussed. The charts 

design  errors  and. t o  determine whether i te ra t ions  of design calculations 
m e  warranted. To a lLmited  extent, the uncertainty  intervals  in  blade- 
element  performance  can be calculated from the charts. 

c can be used to  evaluate the sensi t ivi ty  of a given  velocity diagram t o  

. 
The measurement-error  charts  can be employed along  with  the  proce- 

dure devised at the Gas Turbine  Laboratory of the Massachusetts I n s t i t u t e  
of Technology for   the  estimEq-4ion of uncertainty  intervals  in  calculated 
performance  and  can also be of ass i s tance   in  the evaluation of data and 
in   t he  planning of instrumentation for research or development. 

INTROWCTION 

The attainment of design  rotor  pressure  ratio  for  an &al"f low-  
compressor stage depends upon the correct  prediction of blade-element 
turning  angle and loss, upon an  accurate  design  distribution  radially of 
the  local  specific m a s s  flow downstream of the rotor,  and upon the agree- 
ment between the actual and design  rotor-inlet flow distribution. Rotor 
blade-element  design  errors  can  result from the approxLmate nature of 
available design-data correlations, from blade  manufacturing  tolerances, 
and from the  necessary  simplifications i n  the design  equations. Dis- 

c crepancies between the  actual and  design  rotor-inlet flow dist r ibut ion 
can resu l t  from the  foregoing  types of design  errors i n  preceding  blade 
rows. (The design  variables and the i r  sources of error are ident i f ied  
and  discussed in   the  sect ion ANALYTICAL APPROACE.) 

.. 
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A meam for  estimating the e r r o r   i n  a performance  parameter due t o  
an assumed er ror  i n -  a blade-element design variable  or  to an e r r o r   i n  the 
i n l e t  flow conditions is useful  to both  the compressor &signer and t o  
the  research worker.  Therefore, an analysis  af this problem was made, 
the resu l t s  of which are  presented  in this chapter.. From the  available 
equations  relating  blade-element performance p a r W t e r s  t o  the  design 
var iables ,   d i f ferent ia l  formulas were calculated that re la te  a small 
change i n  a design  variable  to-the consequent change i n  the performance 
parameter. The formulm are presented i n  t h i s  chapter i n  the form of car- 
pet plots,  and the significant  trends  are  discussed. ~. 

An analysis of this type may be expected to  indicate  the degree of 
design  control  required  for a glven  velocity diagram as evidenced by i t s  
sens i t i v i ty   t o  design  errors. Among a group of suitable design  veloclty 
diagrams, the analysis may shm-that one d l a g r a m  i s  relatively  insensit ive 
t o  design  errors,  thus  indicating that it wou1d.k the  best  choice f o r  the 
design. The charts  can also be employed t o  determine, i n   c e r t a i n  cases, 
whether  an i te ra t ion  af the design  calculatians is  warranted. 

The interpretation of experimental data requires some consideration 
of measurement errors. This problem i s  particularly  relevant  to  the work 
of the researcher and a l so   t o  the compressor designer, eince  correlations 
of design variables are based on experimental data, and compressor devel- 
opment programs &pend on the  interpretation and application of experi- 
mental data. Differential  formulas were calculated that give  the error 
i n  a performance  parameter  caused by a measurement error i n  one of the 
flow properties. These formulas are  presented i n  t h i s  chapter  in  the form 
of carpet  plots. A method fo r  combining the effects  of several measure- 
ment errors  is outlined. 

a 
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SYMJ3OLS 

The following symbols me used i n  this chapter: 

speed of sound 

diffusion  factor 

t o t a l  o r  stagnation  enthalpy 

toW"entha1py calculated -from ch 'Ge  of "moment of 
" .. .. .. 

momentum 
r- 

static  enthalpy 7 

Mach  number 

total.  or  stagnation  press.ure 
- 

a 
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4 co 

NACA RM E56B03b =- - 
- 

P s t a t i c   o r  stream pressure 

c R gas  constant 

1: radius 

T total   or   s tagnat ion temperature 

U rotor  speed 

v a i r  velocity 

231 

P 

Y 

a i r  angle, angle between air velocity and axial direction, 
deg 

r a t i o  of specific  heats 

eo deviation angle, angle between outlet-air   direction and 
tangent t o  blade m e a n  camber line at trailing edge, deg 

flad 

P density 

adiabatic  efficiency 

l3 sol idi ty ,   ra t io  of  chord t o  spacing 
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Subscripts: 

d 

h 

id 

2 

- t 

U 

Z 

quantity 'k , i d  - 1  

total-pressure-loss  coefficient 

design  value 

hub 

ideal 

lower limit of uncertainty interval 

denotes  systematic error 

t i P  

upper limit of uncertainty interval 

axial   d i rect ion 
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0 s ta t ion  ahead of guide  vanes  or  stators 

1 s ta t ion  a t  r o t o r   i n l e t  o r  s t a to r   ex i t  

2 s ta t ion  at ro tor  exit 

i . . . viii denotes  variable i n   e r r o r  - " 

Superscript: " .  . . - _I. ~ - ,  - I - .," - .I..."" - - " ..-1-. ---.- -, "" 
. - .. - 

rn 
1 indicates   quant i ty   re la t ive  to   rotor  - 5 

ANALYTICAL APPROACH 

Consider a function of several   variables  f(xlrxZ, . . . %). The 
change i n  f caused by a given set of small changes i n  x1,x2, . . , x, 
i s  given  approximately  .by  the  following formula ( ref .  I, ch. I V )  : 

a/' 
4 l  = axn 

can  be directly  calculated (for an assu~~~=d value of %) and plot ted as " 

a function of the parameters that f i x  the  value of hi la%.  TMS pro- .. 

cedure i s  used i n  the present  repart. . . .. . - .  r. . . . . - . - 

The degree af approximation of formula (2) depenb upon the way -1 
varies with + and upon the magnitude of %. The accuracy of the - 
formulas  presented i n  this report  for  reasonable magnitudes of design;-- - y 
er rors  w a s  spot-checked by means of sample calculations and p lo ts .  The 
r e su l t s  of these calculations  are  glven i n  appendix A .  These checks do 
not  constitute a general proof  of the  accuracy of the formulas, but do 
verify their appl icabi l i ty   for   cer ta in   condi t ions of flaw and velocity 
diagram. 

. "  

- 

Design Errors 

A brief  outl ine of the blade-element  approach to  single-stage- - 

compressor  design follows i n  order   to   c la r i fy  the application of formula (1) to the analysis of design...e.i"l'or-s; -. . . ." . . . . .  " ~ 

* 
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For  given  design  values of pressure  ratio, m a s s  flow,  rotational 
speed,  and t i p  diameter, the hub prof i le  and the preliminary  velocity 

These preliminary  velocity diagrams determine  approximate  values of 
diffusion  factor and other  blade-loading and blade-configuration param- 
e te rs .  This information  permits  the  estimation  of  the radial dis t r ibu-  
t i on  of the  relative  total-pressure-loss  coefficient 5; (or c o r )  f o r  each 
blade row as discussed i n  chapter VI1 (ref. 2) . The velocity-diagram 
calculations  (including  the  radial-equilibrium  calculation) are then re- 
peated in order to  incorporate  the  effects of the  loss estimation.  Fi- 
nally, t he  methods of chapter VI1 (ref. 2 )  can be employed for   the se- 
lect ion of blade-section cambers, incidence angles, and deviation  angles. 

b diagrams are  calculated by naethods discussed in  chapter VI11 (ref. 2) . 

The eqloynzent of blade elements in  this  design procedure (as dis- 
cussed in  ch. III (ref. 3))  requires  the  estimation  or  calculation of the 
radii t o  each blade element a t  the axial stations upstream  and donstre-  
of the rotor. Thus, since r1 i s  assigned by the  designer, r2 is identi- 
fied as a design  variable. For a rotor, the design method outlined i n  the 
preceding  paragraph  requires  predictions of  relative  stagnation-pressure 
loss ( i n  terms of GI) and of  deviation angle. The radial-equilibrium  cal- 
culation and the  condition of continuity determine the  values of ax ia l  ve- ? 

O r  element. Three additional  design variables me, therefore, E;', S i ,  and CH loci ty   or   local   specif ic  mass flow downstream of the  rotor   for  each blade 

( P V , ) ~ .  (The use of the Local specific mass' flow (pV,) w a s  found t o  
be more convenient i n  this analysis  than  the axlal velocity Vz,2.) . 

Errors i n  the  design  rotor-inlet  flow  distribution can be caused  by 
design o r  blade .manufacturing tolerances  or   errors   in  any of the upstream 
blade rows. A t  the  design mass f l o w ,  these errors  can lead to  off-design 
values of rotor-inlet  stagnation  pressure P1, absolute sir angle P1, 
local specific mass flow (pv,),, and stagnation  enthalpy Hl. 

I n  summary, then, the  design  variables for rotor  blade  elements are 
ident i f ied as P1, Bl, (pv,),, H1, CD', p i ,  (pv,),, and r2. Instead of 
the general  design variable P1, the loss pmazneter u) for  the  adjacent 
upstream stationary blade row can be used. The Weement between the 
actual and  design  values  of a performance  parameter  (such a6 P2) depends, 
within  the  limitations of the design system, on the agreement  between the 
actual and  design  values of these  design  variables. 

- 

In  the  following  discussion, the foregoing  design  variables are . identified by the lower-case Roman numerals i t o  viii as follows: 

L 

i or (5) viii vii v i  v i v  iii ii 
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The symbol denoting the error  in a performance pasmeter due to a design 
e r r o r   i n  any one variable (assuming for the moment that  a l l  other  vasi- 
ables  are  correct) is  identified by the appropriate lower-case Raman num- 
eral   subscript .  For -instance, (AHz/Hz)i denotes  the  error  in Hz due t o  
an e r ror   so le ly   in  P1. The s ta tor   (or  guide-vane) l o s s  parameter u i s  
not  an  independent design variable3  an  error in cn is one of many so&ces 
of e r r o r   i n  PI, and it i s  denoted by parentheses around i t s  identifyfng 
number. 

- 
" 

Some 8ouI'ces of e r r o r s   i n  the variables are as follows: 

Some 60urce8 of error 

(1) Accuracy of 106s parameter and incidence- 
angle  correlation system (ch.  VI1 (ref.  2) ) 

(2) Accuracy of deviation-angle  correlation 
system . ". 

(3) Blade-fabrication  tolerances 

(PV, 12 (4) Degree of simplification of radial- 
equilibrium  equation 

(5) EXfects of errors i n  ut and on 
- 

radial-equilibrium  calculation 

(6) Inaccurate  allowance f o r  w a l l  boundary- 
layer development 

4 

" 

-. . 
. " 

r2 (7) Same as (a), ( 5 ) ,  and (6) i f  r2 is  
calculated 

(8) If r2 i s  assumed, error  depnda on 
degree of radial shift i n  flow as gas 
crosses  rotor 

The foregoing  types of design  emors i n  blade rows upstream of a given 
rotor  contribute  to  discrepancies between actual and d.+gn vglues of - -  

P1, P,, (pU,),, and -5. For the inlet stage of a compressor, an addi- 

tional  saurce of such e r r o r s   l i e s   i n  the performance of the inlet dLf- 
fuser  section. " 

- 

. . .. . . . . . . " .. . 
" 

.. . . ~ - - " - . - " " 

.. . . .. . - . .. -. " . - - 
.. . . " 

A basic  source of disagreemnt between actual and design performance 
i s  contained in  certain  simplifications t o  the equations of motion as ap- 
plied t o  the blade-element  design method (e-.@;-., -the  asau@tions of axial 
symmetry and steady f low).  This  source of error- ie"n0-t- ameimble to ana- 
lytical   investigation-and i s  not  considered i n  this chapter. 

" 

" . . 

- -  ., 
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The design  variables PI, 81, (PV,),, El, z l ,  PA, ( P V , ) ~ ,  and 9 ,  

i n  conjunction with known inlet conditions,  determine the value of a com- 
pressor  blade-element  perfarmance parameter. For  the  purposes  of this L 

investigation,  then, any  of 
be designated as a function 

the blade-element  performance parameters can 
of these eight design  variables: 

" 

-I 

Formula (1) (the t o t a l  
lows for   appl icat ion  to  the 

d i f f e ren t i a l  of f} is  particularized as fo l -  
analysis  of  design  errors: 

The paxtial-derivative 
from the available  blade-element  performance  equations. Each individual 

c term such as 7 APl) represents  the  contribution  to the t o t a l   e r r o r   i n  ( a f  

f caused by a design  error   in  one variable  only (m1, e.@;.), with all 
other  design variables assumed correct. 

For the calculations and the plot t ing of the results, it i s  conven- 
i e n t   t o  make all terms of formula (la) dfmensionless i n  order t o  reduce 
the number of p a m e t e r s  determining the value of each error  term. For- 
mula 

nf- " 
f 

(la) i s  modified 88 follows: 

For cases where a performance  parameter is  associated with axial 
sta t ion  2 (f2),  any one of the first four terms might contain as many as 

eight  design  variables. A degree of further simplif icat ion  in  the plot-  
t i ng  of some of these formulas is achieved by the use of certain 

cases the formula f o r  one term of (lb)  takes the following form: 
c performance-parameter e r ro r  terms as intermediate variables. In   cer ta in  
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A formula f o r   e r r o r   i n  a performance  parameter associatd  with axial Sta- - 

t ion  1 might be .. . . - . . . . . - . . . - . . . . . " " 

4 

In  this case, formula (4) can be expressed i n  terms of the intermediate 
variable l1 a6 follows : . . - - " . . - - 

Formula (lb) can be written as follows : 

. ."" 

Each term of formula (IC) represents  the  contribution  to the relat ive " .. . 

e r r o r   i n  f of an e r r o r   i n  the pmticular  design  vartable  identified by 
the  subscript. 

~. " 
. -  . .  

Formula ( lc)  gives a ,value of .  re la t ive e r r o r  i n  f ._ caused by a e v e n  
set of e r ro r s   i n  the design  variables. The only  case f o i  which a se t - a f  
e r ro r s   i n  design m i a b l e s  is  known i s  the  case of analysis of experirnen- 
tal data. For this  case,  formula (IC) can  be applied t o  determine , at . .  

l eas t  approximately, w h a t  design  errors may have caused a measured U s -  
crepancy between the actual and  design v d u e s  of  a-performance  parameter. 
This use of the  design-error  charts is out l ined  in  EL later  section. - 

- 

* 

"- 
. " I 

The estimation of a probable discrepancy between the actual and de- 
sign values of a performance parameter  requires that the  design  errors 
be identified 88 ei ther  random errors  or &6 systemBtic errors. For the 
purposes of this investigation, random errors are defined 86 errors  that 
are  unpredictably  positive or negative.  Systematic errors are  predict- . . .  

able i n  sign, and i n  some cases 'an approximate estimate .of their magni- I -  

tudea  can be madeL. -An example o l  a systematic  design error i s  the error  
i n  local  specific mass flow (or axial   velocity) caused by neglect w 
entropy  gradient  during the  radial-equilibrium  calculation. This type 
of design error  depends on the design flow distribution and the radial 
distribution of blade  losses. 

" 

. .. . . -1 . ." 
. .  

T-Jle tm?roxi~.te.   nature of the available ._corXela"mELof d e s i g n  daw . . 

(deviation  angle  and loss) leads" t o  random design errors .  The actual 
causes  of.  such  discrepancies  are  not known; their  influence  cannot, at 
present, be correlated with the various combinations of velocity-diagram -, 

parameters. 

" " 
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For the analysis of random errors,  an  uncertainty  interval  in a de- 
sign variable  can be .estimated on the basis of past  experience. An un- 

b cer ta in ty   in te rva l   in  P1, for  instance, can be defined as a f i n i t e   i n -  

terval i n  P,, such as - Pl,z, fo r  wbich a de f in i t e   s t a t i s t i ca l  
probabili ty  exists that the  value of P1 will lie.  For example, i f ,  f o r  
a design value  of j3, = 30°, 80 percent of the actual  values of B, f o r  

different  design  cases fa l l  i n  the i n t e r "  from B1 = 29O t o  P1 = 31°, 
then the uncertainty  interval  corresponding  to odds of 4 t o  1 is  2'. The 
term 1 af A/ represents  the  conespanding  uncertainty  in- 

t e r v a l   i n  j due t o  that i n  B, only. For the uncertainty  interval i n  

f due to  the  uncertainty  intervals corresponding to the  same odds i n  all 
the design variables, the second-power formula of reference 4 can  be 
employed: 

7 q = (F)ii 
. .  

The uncertainty  interval   in  f due t o  the uncertainty  intervals i n  
a l l  of the design  variables  for a given  probability  can be calculated 
approximately f o r  a mean-radius condition only. The reasons f o r  this 
limitation  are  given in the  section entitled U s e  of Design-Error Charts 

in u)' and p i  would be combined as follows to   g ive   the  corresponding 
interval  in the performance penmeter f: 

> (p. 2%). As an example of the uae of formula (6), uncertainty  intervals 

If all the' uncertainty  intervals of the  design  variables arre estimated 
on the basis of the best available  information 60 that the same odds (say 
b t o  1) can be quoted that the value  of  each  variable W L l l  l i e  within 
its interval.,  then,  according to reference 4, s ta t i s t ica l   ana lys i s  shows 
that  the odds will be b t o  1 that the  actual  value  of-the performance 
paramekr f w i l l  fall within the uncertainty  interval given by formula 
(6) - 

The e r r o r s   i n  axial velocity caused  by  neglect of the entropy gradi- 
ent  in  the  radial-equilibrium  calculation cannot be interpreted as un- 
certainty  intervals  but as estimated corrections to the  design  values. 
An investigation of these  errors (wherein the error  i s  discussed i n  terms 
of axial   veloci ty  rather than the local specific mass flow)  and a method 

- of making the  corrections  are  reported  in  reference 5. These estimated 
corrections and uncertainty  intervals  can be combined as follows : 

s 
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The second  term of formula (7) constitutes  the  estimated  corrections  to 
the design  value of f for the sptematic  design errors, and the last 
term  represents half the uncer ta in ty   in te rva l   in  f due t o  the uncertain- 
t y   i n t e r v d s   i n  each of the design variables. cn 

lc 

M d 

me eight terms of formula  (lb) were calculated (where applicable) 
f o r  each of the following  blade-element  performance p m w t e r s :  axial 
veloci t ies  V 
stagnation  enthalpy Hz, stagnation pressures P1 and P,, re lat ive air 

angle P i ,  absolute air angle P,, and diffusion  factor D. The stagna- 
tion  pressure Pl, which i s  one of the rotor design variables, i s  a per- 
formance parameter only i n  the specialized sense that is affected by de- 
sign e r r o r s   i n  stationary-blade-row loss parameter z. The resul t ing 
formulas are presented i n  this report   in   the form of carpet  and l a t t i c e  
plots .  For the purpose  of prepasing the  charts,   unit   errors were as- 
signed t o  the design  variable8 (1 percent, 0.01, o r  lo, as applicable). 
The technique of preparing plots  of two or more independent  parameters 
( c w t  and latt ice plots) i s  discussed i n  reference 6. 

z , l  and %,2, 
rehtive  stagnation  enthalpies H; and Hi, 

c 

". 

* 
The analysis w-as made f o r  a rotor  of any et- of a campreseor. The 

results are given f o r  blade-element  performance  parameters only; the e s t i -  
mation of uncertainty  intervals   in  the radially averaged mer-all per- 
formance of a stage is not  discussed i n  this report. This problem in- 
volves  considerations  of  statistical and probabiuty theory that are 
beyond the scope of the present  investigation. 

Measurement Errors 

For the analysis of measurement errors,  formula (1) assumes the fal-  
lowing form: -. . ,  .- 

. .. " - "" 

Formula (la) can be applied  directly only i n  cases where, f o r  a - 

specific experiment,  each of the error  terms is known. This situation, 
of  course, i s  never realized. When the best methods of calibration axe 
used, measurement errors  are considered as random errors and can only be - 
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estimated;  thus, the s t a t i s t i c a l  approach outlined  in  the  preceding  sec- 
t ion was applied  also  to  the  analysis of measurement errors.  The terms 

f due to  uncertainty  intervals fa r  the same prescribed odds i n  each  vari- 
able. The uncertainty  interval i n  f due t o  all the  estimated  errors 
can be calculated from the following formula ( in  dimeilsionless form) : ' 

A of formula (la) are interpreted as uncertainty  intervals f o r  the  function 

Formula (8) i s  valid only f o r  the estimation of uncertainty  inter- 
V a L S  due t o  random errors.  5 t  is,  as the number of observations  of  each 
variable  approaches  infinity, the mean of all observations  should  approach 
the true  value of the  variable. 

* 'I!he er ror  terms of formula (8) were calculated, and the results are 
presented in   char t  form fo r  the  following  performnce  pameters:  pV,, 
" 

P ' r  a, a', Tad> HM,2, and . 

In  the  following  presentation, a l l  formulas are designated by a 
lower-case l e t t e r ,  a cap i t a l   l e t t e r ,  and a lower-case Roman numeral. The 
l e t t e r s  d and m denote,  respectively,  the analysis of design and meas- 
urement errors.  The capi ta l   l e t te r   ident i f ies   the  performance parameter 
under analysis, and the Lower-case Roman numeral identifies  the  variable 
in   e r ro r .  The following tables  provide this identification: 

I Case d - Design-error  performance  parameters I 
Performance 

G H J K  C D E F  A B  Formula 

D B 2  P2 H2 V,, E; P i  H; Vz ,1 P1 paremeter 

symbol 

\ 
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I Case d - Design variables I 

Case m - Measurement-error  performance  parameters 

Performance 
parameter 

Formula A B 
symbol 

Case m - Flow variables 

Flow Pl $2 T2 p2 p2 Pl T1 pl variable 

Formula viii vii vf v i v  iii ii i 
numeral 

" . 

" 

The symbol f a r  the error  i n  the performance  parameter  under consideration 
i s  given a subscript to identify the source of error. This subscript i s  
the lower  case Roman numeral o€' the  appropriate  table. I 

Design-Error Formulas 

 he &sis-emor different ia l  formulas e r e  calculated from the fol- 
. .  . .  lowing equations : 

Y- 

P 1 = P o  [l - u  - [ 1" QY-: 

." 
" 



w 
Ip 

NACA RM E56B03b - 

[($ - ;1 

c 

Y 

h2)1/2 cos 

(Formula (18) was obtained from the form given i n  ref. 7 by reasranging 
terms.) Some of the  resul t ing  different ia l  formulas  included terms a c h  
were considered  sufficiently small that they  could be neglected. Two 

tial formulas are presented i n  appendix B. 
# specific examples of the general  procedure  used i n  deriving the  differen- 

A 
The design-error  formulas  contain  certain  parameters that are pre- 

sented i n   t h e  form  of carpet and l a t t i ce   p lo t s .  The formulas for  these 
parameters are as follows : 
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The following d i f f e ren t i a l  formulas were obtained f'rom the analysis 
of errors  i n  design variablee: . . " . - . . .  . .. "" 

" 

( f ig .  4(b) 

(dB-iii) 
(fig. 4 ( 4  , 
substi tute 
pV, f o r  P, 
mul t ip ly  
resu l t  by 
-1) 

. " * .  

1 
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(No f ig .  necessary (aE-i-ivl 

(f ig .  7 
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pi,  respectively, 
multiply r e s u l t  by -1) 

1 

(do-i,iv) 
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(m-v,Vii) 
(No fig.  necessary) 

i i i ,vL-v 

($)iy = +T [(") =2 i v  - F] 

'=-if 
(NO fig. pecessary 

iii 

t aH-ii,iii,xl-vLii 
No fig. necessa;ry 

( a " )  
(No fig.  necessary) 
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where 

and 

. .  
A =  + (1 - D) t an  p i  

23 cos B; 

( a - i - i v )  
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Msasurement-Error  Formulas 

Neasured quantities  include the rotat ional  speed, the inlet pressure  and t e m -  
perature, snd the following flow properties:   static  pressure p, st-tion  pressure 
P,  absolute air angle B ,  and stagnation  temperature T. I n  the following table, the 
calculated perfoPmance p a z m t e r s   a r e   l i s t e d  in t h e   l e f t  column, and the flow prop- 
erties of which they are explicit  functions me l i s t e d   i n   t h e   r i g h t  column: 

The equations  for  the perPormance parameters in the  foregoing  table, as expl ic i t  

some of the  functions are gLven i n  terms of absolute velocity V) : 
b functions of the measured flow properties, ere as follows (for convenience i n  writing, 

c 

1 
2 
- 

tan P I = (G) U - tan $ 
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” L2 1 
T1 

The J3Ua~Sis of measurement e r rore  yielded the folloving formulas, which give 
the relative u n c e r t a i n t y   i n t e r v a l   i n  a performance paremeter due to the correspond- 
ing unce r t a in ty   i n t e rva l   i n  the measurement of .one flow  property: 

( f ig .  (“vLi 15(b) 

(mA-lli ,yli) 
(No flg. necessary) 

(“v] 
(fig.  16(a) 

minus sign t o  re- 
sult, subs t i tu te  P 
for P> 

. .. 

4 



. 

. 

w 
4 
k P  

(D 
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(mc-ii) 
(fig. 17) 

(fig. (“ 18 

( m - i i i )  
(flg. 18, multiply 
result by -I y-1’ 
subs t i tu te  Tl 
f o r  p1) 

( - 4  
(fig. 18, pref ix  minus 
sign t o  r e su l t ,  sub- 
s t i t u t e  p2 f o r  p1) 

( m - A i )  
(fig. 18 , mult iply 
r e s u l t  by 

subs t i tu te  T2 
for  P1) 

y-l r 

A 
1 

y.-l 

( g  - 1  
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(2) i i i  = 

9 p ein PI cos B 1  (tan B 1  + t a n  Pi) & 
1 -  ]e 
- 

(mp-iii) 
(fig. 2O(c),  subs t i tu te  
subscript 1 for 2 
and subtract  from 1) 
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c 

(fig . (mc-ivl 21 (b) 

r 1 

(" 
{fig. 21(c) 
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(&-vi) 
(fig. 21(c), prefix 

P2 for  P2> 

minus s ign   to  re- 
sul t ,   subst i tute  

m 

vi cos ag - (AD)vii =I- - 
Vk 

(1 - tan B, t an  p i >  - - (tan p2 + t a n  
z 

2 2a 

(mG-vli) 
(fig.  u(c>, multiply 
result by -r/2, sub- 
s t i t u t e  T2 f o r  p,) 

V i  x COB $; - = - cos%; (tan p2 +tan pi, +- (1 - tan p 2  t a n  13;) U ,  
180 2a 1 

(fig.  21(d) 
4 

The measurement-error f d a s  give the effects of independent measurement 
errors.  For inetance, formula ( a - i i )  gives the er ror   in   ca lcu la ted  value of blade- 
element efficiency due t o  a measurement error aolely i n  P1. However, i n  many experi- 

mental compressors, the measured value a€' P2 dependts on the measured value of PI, 
such as when P2 i s  obtained by adding a measured pressure r i s e  t o  the value of PI. 
For such cases AP2 = AP1, and the effects of AP1 on a' and qad become quite 
smal l  because of the similarity,  except  for sign, of the -ii and -vl. formulas. The 
same si tuat ion  prevai ls   for  measurements of T2 that depend upon TI. 

- ~- 

Reading of Caxpet  Plots 

As discussed i n  reference 6, carpet and l a t t i ce   p lo t s  permit the charting of 
two o r  three independent variables and provide a meam for interpolation amow these 
variables. A fourth variable can also be charted by the use of an ordinate  scale 
that i s  a function of the dependent variable and the faurth independent variable. 
An example af 8 four-variable chart i s  figure 1, the plot .of the for- for rela- 
t ive  stagnation  enthalpy  ratio (formula (22) ) , for wklch the independent variables 
are B,, B;, M;, and rk1. % chaxt consists of nine carpets In p2 and B;, 
each of which corresponds. t o  a a v e n  value of ~i and rZ/rl. DX carpets   for  Mf- 
ferent values of % are dispWed  hor izontd ly  by distances groPOrtiona1 t o  the 
h n g e s   i n  M;, thus forming three   l a t t i ces   for  t-e m e s  of r2,'rl. I n  order t o  
pr0~ld.e a meam for  interpolation of r&, these lattices  are  displaced  horizontal- 
ly by distances proportiotxiL to the changes i n  rJr1. It i s  then  necessary, for 
clear  reading of the chasts, t o  displace the l a t t i c e s  vertically and t o  imsorporate 
r2/rl in to  the ordinate  function. A value of Hi/% f o r  given v a l u e s  of B,, Pi, 
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Mi, and r2/rl i s  obtained in   p r inc ip le  from the  chart as follows  (in 

practice, many of the  steps  i l lustrated  here can  be  omitted). 

The fFrst step i s  to   locate  on each of the  nine  carpets a point  cor- 
responding to the  given  values of $, and $; as follows: It will be 

observed tha t  each  curve, i n   e f f e c t ,  has its own abscissa  scale. On each 
of the  curves for constant $g, the  given  value of p can be located; 
a  curve  sketched through these p i n t s  will yield a curve fo r  varying fik 
at the given  value of i3 2, whereqon  the  desired  point on each  cazpet  can 

be located.  Appropriate  points on the  nine  carpets axe then  connected by 
curves so as to form three  curves of v-ng %, each havlng i t s  o m  
constant  value of r2/rl. The three  points  corresponding to the given 
Mi are  then  located. This i s  done by m u n g  off a proportional  hori- 
zontal  distance  along  each  curve from a known reference  point. The three 
points  thus obtaLned  determine a curve of given fi2, p i ,  q, and  vazying 
r2/rl. It will be noted that the carpets are staggered  horizontally two 
major grid a d s i o n s   f o r  a change of 0.2 i n  r2/rl; therefore, the point 

' corresponding to   t he  given r2/rl can be located and the  value of the 

ordinate  scale  obtained. The final step i s  to equate this value to the 
ordinate  function ( H i / q )  + [(r2/rl) - 0.91 and solve f o r  HA/%. 

r 

The foregoing  procedure  appears to be laborious, but in  practice  not 
all the vmious  points need actually to be joined by curves;  the  inter- 
polations can  be made by  an  appropriate  placing of French  curves  or 
splines on the charts and the  desired  points located directly.  The work 
involved is, of course, much greater   for  the four-variable charts than 
fo r  the three- o r  two-variable  charts.  For some formulas {formula 
(dG-i,iv),  e.g.1, two chaxts are employed, and the values  obtained from 
each  chart are combined to obtain the desired  value of the dependent 
variable. 

DISCUSSION OF FOFMUUS AND CHARTS 

I n  order to faci l i ta te   discussion of the  formulas  and charts, values 
of design  and measurement errors  were obtained from the  charts f o r  four 
velocity diagrams. These velocity diagrams are  representative of i n l e t -  
s tage  rotor   t ip  and hub operation at t w o  Mach number levels. The 
velocity-diagram  specifications  are as follows: 
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Case 1 
(tip  condition) 

Design (a) 

1.15 

-58 

60' 

O0 
.90 
.64 

50° 

24.6' 

.080 
.80 
.34 
1.00 
1.35 
1.10 
.86 

Design  (b) 

1.00 

.50 

60° 

O0 
.75 - 

.55 
50' 

28.2' 

.080 
.80 
.43 
1.00 
1.30 

1.09 

.87 

Case 2 
(hub  condition) 

Design (a) 

0.81 

.58 

450 

O0 
.60 
.73 

15' 
38.3O 

.050 
1.5 
.41 
1.1 
1.42 
1.n 
.95 

Design (b) 

0.70 

.SO 
45O 

O0 
.50 
.63 
15' 

40.1' 
.050 
1.5 
.44 
1.1 

1.32 
1.09 

.95 

- _ .  

.. " 

Sample  Design and Measurement  Errors 

Value6 of design  errors  and  measuremeiit  errors for the  foregoing 
velocity-diagram cases were read frm the charts. For each caEe, an ar- 
bitrary  assumption of I-percent  error in independent  variable  was  made 
lexcept  that  the  assumed  error in flow angle was lo and that  in w or 
(u' w&6 0.01). %si@  errors in VzLl, Si, V z , p  Hz, P2, p.2, a d  D, 
and measurement  errors in pV,, p ' ,  UJ', vad, HM, and Is were obtah&d as 
follows : - 
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. 

, 

Error term I 

ii 
iii 
i v  

(*vz,2/vz,24 
ii 
ili 
i v  

vi 
v i i  
viii 

V 

-0 -0520 

* 0550 
.031O 
.ma5 
. O S 5  

- -0447 

(M2/H2) i 0 .OX24 
ii - 0143 
iii 0 
i v  -.ma 
V - .0074 
v i  - -0303 
v i i  - - 0125 
v i i i  .ox50 

:m2/p2) 0.0534 
ii - -0500 
iii 0 
i v  - .0494 
V - -0326 
v i  - - 1060 
v i i  - -0437 
v i i i  -0525 

:as21 i 4.05 
ii - -3 -59 
iii a 
i v  -4 -29 
V -3.42 
v i  -8.90 
v i i  -4.10 
viii 4.60 

:m) i 0.0583 
ii - -0410 
iii .0005 
iv - -0618 
V - ,0350 

:vi/vh) - -1790 
W ) V i i  - SO594 

v i i l  -05% 

Desiep errors, 
case nmber 

Ub) 

-0 - OW3 

0 
*OW3 - O l l 8  

0.33 

-25 
- .33 
- - 30 

-0.0220 

-0166 
0 

-0240 
.on0 
.0270 
-0230 - -0140 

0.0038 

- -0056 
0 

-0051 
- .00B 
- .oll2 
- .ma 

-0059 
0 -0233 

- -0196 
0 
- -0171 
- .On7 
- e  0392 - .0140 

.0206 

1.69 
-1.26 
0 
-1 - 84 
- -84 

-3.90 
-1.76 
2 .oo 
0.0244 

- -0078 . O W 4  - -0268 
- -0124 - .08E 
- -0260 

.OS8 

2( 4 
-0 .OEO 

0 
.OW0 
. O m  

0 .&4 
60 

- .44 
- 36 

-0 . o m  
-0079 

. ow0 

.0050 
-0028 
a 0 1 5 5  

- -0049 

0 -0006 

- ,0021 
0 
.Om5 

- .0002 
- s 0025 
- .o006 

.W26 
0 .oll9 

- .0074 
0 
- SO058 
- . m 9  - .ma8 
- .0020 
.Go91 

0 

0.56 
- -29 
0 - -56 - .20 
- -70 
- .57 

.63 
0.0078 

.006 .0042 -.ocas 
- .0040 
- . o m  
- -0124 

,0049 

2(b) 

-0 .ol3: 
0 . ow: . O l l f  

0.39 

-60 
- .39 
- .34 
-0.0140 

.0052 

.0140 
-0037 
-0015 
-0133 

- -0037 
0 -0004 

0 

- SO016 
0 
.0088 

- .mol - -0018 
- .o004 

.0020 
0.0113 

- -0056 
0 
- .om9 
- 0031 
- . a 3  
- .0013 

.0070 

0.52 
- .l9 
0 
- .52 
-.14 
- -70 
- .49 

52 
0.0045 

.0067 

.0028 - -0079 - -0030 
- .ox20 
- -0106 
.W30 
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r Error term 

ii 
iii 
i v  

v i  
rli 
v i i i  

V 

(@')I 
ii 
lii 
i v  

v i  
v i i  

V 

i i f  
v i  
v i i  

( A m )  ii 
iii 
v i  

v i i  

i v  

$ q Vi 

I V I  

u a >  

-0 . o s 0  

- -0250 - 0050 
0 - .Olio 

.02m - 0050 - -0080 
0.58 
- -58 
-.l3 - .25 

.73 - .73 - 20 - .19 
0.0170 

- -0595 
-0 -0170 

.OS95 

-0 .om 
.OS4 
.030 

- 094 
0 

0 
.oleo - -0038 - e0016 
-0016 
0007 
.0038 

-0.0010 
.0010 
e 0007 - -0105 
.0017 

- 0017 
- .ool2 
.OB8 

Measurement errore, 
case number 

l (b)  

-0.0220 

- -0310 - -0050 
0 
- -0170 
-0270 - 0050 

- .0090 
0.71 
- - 7 1  - .l3 - -25 
1.16 
-1.16 - .20 - .E5 
0 -0205 
- ,0717 - ,0205 
.0717 

-0 034 
.lo6 
,034 - - 106 

0 

0 
.0100 - .0029 

- . 0019 
. O O B  
0005 
.0028 

-0.0010 

.m10 

.0007 - -0105 
0017 

- -0017 
- .ool2 
0138 

2( a) 

-0.0150 

.0250 
- .0050 
0 
- -0070 

.oxo  - ,0050 
- .ol30 
0.67 
- -67 - .l5 - -50 

.74 - .74 - .30 - -76 
0.030 

- .lo5 - -030 - ,105 
-0 -028 
,096 
.028 

- -096 
0 

0 
.OLoo 

- .0020 - -0014 
.0014 
.0005 
-0037 

-0 -0017 
0017 .ool2 - -0136 
.0039 

- e0039 
- 0027 

-03.27 

1 
2(b) 

-0.0220 

.0310 
- . m o  
0 - . o m  
.0210 - a0050 

- .01a 
0.82 
- .82 - .l5 
- -50 
l .U 

-1.u 
"30 
- .72 
0.036 
- ,126 
- m036 - -126 
-0.038 

* 118 
.038 - 118 

0 

0 
.0100 

- .(X16 - .OoE .0015 
.0005 
.W16 

-0 moo17 
.0017 
.mu  - 0136 
.m39 

- -0039 
- -0027 
.OX27 

. . -  . 

4 
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. 

The foregoing sample values of error  terms  provide data f o r  the dis- 
cussions of the  following  sections. 

Interpretation of numerical  values. - The numerical values of error  
terms  obtained f r o m  the design-error c h a r t s  must be carefully  interpreted. 
Their main u t i l i t y  i s  i n  an evaluation of the sensi t ivi ty  t o  design  errors 
of one velocity diagram as compared with another.  Secondarily, for a 
mean-radius condition where the loca l  specific mass f low (PV ) can rea- 
sonably  be assumed constant at a given  annular mass flow,  the  values ob- 
tained from the charts  can be combined t o  yleld uncertainty  intervals   in  
blade-element per fomnce .  

2 2  

The precautions  concerning the interpretat ion of numerical  values of 
e r ror  terms, such as those   l i s ted   in   the  table, axe partly  involved  with 
the  fact  that some of the design variables can be considered  independent 
only fo r  blade-element  flow. In   actual  compressor  operation,  the  condi- 
t ions of radial equilibrium and continuity impose a dependence between 
loca l  specific mass flow  and  deviation  angle and loss. Therefore, sweep- 
ing conc1usions"cannot be drawn from  any one chart (one chast  represents 
only one t e r m  of formuh ( 7 ) ) .  

An example of the dependence of local  specific mass flow on devia- 
tion  angle  occurs f o r  the case % = 0.90. A t  this Mach number, the loca l  

specific mass flow is  very  near its maximum vaxue. A quite small increase 
i n  P ' can  cause a choking-flow  condition,  and any addi t ional  increase i n  

Pi will necessarily be accompanied by a decrease in   the  value of (pV 1 
The tabulated  values of e r ror  terms show that the effects  of an  increase 
i n  P i  and  decrease i n  ( P V ~ ) ~  are opposLte i n  sign and therefore  tend 
t o  nullify  each  other  to some extent. 

2 

2 2' 

If the  value of P '  i s  smaller  than  expected,  the  chobinglflow con- 2 
di t ion will not  arise,  but, even i n  this case,  the  value of (pV,) will 
probably change because of the effect  of t he   e r ro r   i n  p 1  on the radial- 

equilibrium  Condition. NO method 16 available f o r  estimating this effect  
without  recomputing.the  entire flow f i e l d  for a specified  set of er rors  
at all radii. 

2 

The foregoing  discussion  indicates that, t o  ensure  the achievement 
of design mass flow, deviation  angles  near  the upper Urnit of their un- 
certainty  intervals  should be employed fo r  high Mach number designs. 

Trends exhibited by sample design errors .  - The trend most apparent 
from an  examination of the tabulated values of design error  i s  that, f o r  
case 1 {the tip  operating  condition), a Mach number leve l  of % = 0.90 

i s  accompanied by error  terms much greater i n  magnitude than  those for 



258 I NACA RM E56BrS3b 
- . . . .. . . . . . .. . 

MA = 0.75. This difference i n  magnitude is-  a-  cotiseq&nc& of the term - 

l/[l - (Mi) "1, which appears i n  many formulas. It i s  possible that the 
various errors would tend t o  cancel out; but it would apparently be ad- 
vantageous, i n  the design of transonic  rotors,  to  hold  the  value of MI 

2 
as low as i s  consistent with reasonable  values of djffusion  factor D 
and, of course, t o  employ the =&st possible  degree of design control i n  
the  choice  of the design  variables. It would probably be warranted t o  
employ the  continuity  condition i n  tbe  design  calculations  for  the choice 
of r2 because of the large ef fec ts   ind ica ted   in  the table  for  an assumed 
e r r o r   i n  r2 of 1 percent. The results  also  indicate no e r r o r   i n  per- 
formance parameters at s ta t ion 2 due t o  error in inlet local specific mass 
f l o w  (pv,), f o r  the case ~3, = 0, except fo r  a very  mall effect  on dif- 

fusion  factor D. -However, e r ro r s   i n  (PV- )- do"ctius& errors i n  p 1  
hence i n  incidence.  angle. For high Mach numbers where the low-loss range 
of incidence angle might be narrow, this effect  can  lead  to design errors  
i n  w' and deviation  angle. 

." 

. .  . 

z l  1' 

- 

. 

Trends exhibited by sample measurement errors. - For many of the 
parameters,  the  effects  of measurement errors  are greateit at low Mach 
numbers. This trend i s  especially  evldent fo r  the loss mameter - 

and i s  caused  by  terms l ike  l/M2 and in the measurement-error 
PT L I - -  pi h 

formulas. Case 2 (b) , for an inlet MEbch number Mi of 0.70, shows an 
e r r o r   i n  of -0 .O36 due t o  an assumed error  of 1 percent i n  the meas- 
urement of stagnation pressure P2. Thi6 trend shows that the  accurate 
determination of f r o m  low-speed data.requlres very  precise measure- . . .. - 

ment of stagnation  pressure  (and temperature). 

Use of Design-mor Charts 

Suggested  uses af the.formulas and chEarts w h i c h  were obtained from 
. "  

the  analyses of design and measurement e r r o r s  are out l ined  in  this section. 

For the preliminary  velocity-diagram  calculations, a common practice 
i s  t o  assign r2 at the same proportion of the passage depth as the c o p  
responding rlj or, perhaps, r i s  located so that the same proportion 

of flow mea i s  contdned between r and t&-Xub a s  between -the corn&: 2 
sponding rl and the hub. After  the  calculations are ma&, r can 

2 - .. "" 

c 

2 
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eas i ly  be determine5 

. 

- 
as a function of rl by application of the 

259 

continu- 
i t y  condition. The charts of the formulas f o r  design  errors i n  r can 

then be employed t o  determine whether an  i teration  with the new values  of 
r i s  warranted. 

2 

2 - -  

Similarly, the preliminary  radial-equilibrium  calculations may neg- 
lect   the   effects  of  entropy  gradient on the radial distribution of axial 
velocity. The order of magnitude  of the consequent design e r r o r s   i n  
mal velocity can be estimated from the results of the investigation 
reported i n  reference 5. The design-error chazts can  then  be  consulted 
t o  determine whether the blade-element  losses  should be included i n  the 
radial-equilibrium  calculation. 

Certain refinements i n  the design  calcuhtions  (such as the inclu- 
sion of blade-element losses  in  the  radial-equilibrium  calculation) may 
appreciably change the valuee  of D factor.  These new D factors  w i l l  
lead t o  changes i n  the design  values of a', and, again, the charts can 
be consulted t o  determine whether an   i t e ra t ion  i s  warranted with the new 
values of C u r  . 

- 

For any general blade element, the formulas and char t s  can be em- 
ployed as a test  of the sens i t iv i ty  of a particular  velocity d i a g r a m  t o  
design  errors and  manufacturing  tolerances. Thus, the  appropriate degree 
of design  corrtrol  can be appl ied  to  the problem, and, i n  some cases, the 
sensit ivity  to  design  errors and  manufacturing  tolerances  can be employed 
as one of t he   c r i t e r i a  by which choice among several otherwise suitable 
velocity diagrams can be made. 

The charts can be employed by the research worker i n  the analysis  of 
data. Discrepancies between actual  and  design  performance of an experi- 
mental  compressor that cannot  reasonably be accounted f o r  by measurement 
e r rors  are caused mainly by desigu errors of the type  herein analyzed. 
(Some of these  discrepancies are undoubtedly  caused by simplifications 
introduced  into the equations of motion on wh ich  the design system i s  
based, such as the assumption of &al symmetry.) The approximate con- 
t r ibut ion of the design e r r o r   i n  each  design variable t o  the measured 
discrepancy i n  a performance parameter can  be  obtained from the char t s .  
The sum of these terms (formula (lb) 1 can be compared with the measured 
discrepancy between actual  and  design  values of a performance  pmameter. 

Such comparisons may serve as an  additional means of evaluating 
measurement errors  and may indicate   just  which phase of the design  prob- 
l e m  reqvires the highest degree of design  control. 

Within certain  l imitations,  the design-error charts can be employed 
by the compressor designer to  estimate  an  interval  about the design  point 
within which the performance of a given blade element  should l i e .  'I!he 
l imitations on this procedure are involved with the estimation of un- 
cer ta in ty   in te rva ls   in   loca l   spec i f ic  mass flow. 
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Estimation of uncertainty  intervals. - Local  specific mass flow: 
The uncertainty  intervaLs in   l oca l   spec i f i c  m8ss flow are caused by blade- . . 

element  design e m .  - As evidenced by the  radial-equilibrium  equation, . 
the radial distribution of flow i s  a function OT flow  angles and blade . .  

losses at all blade elements.  Discrepancies between actual and design 
values of these quantities  lead,  therefore,  to  discrepancies between B L ~ -  
t u a l  and design  values  of  local  specific m a s s  flow. 

.. 

Unfortunately, no  method i s  knam  for  relating  uncertainty  intervals 
in   lnca l   spec i f ic  mass flow t o  uncertainty  intervals  in  blade-element de- 
sigrl data. This f a c t   r e s t r i c t s  the applicabili ty of formula ( 7 ) .  How- I+J -. 

ever, at the des5gn- mass flow, the ac tua l  and  design values of loca l  spe- 
c i f i c  mass flow must necessarily  agree far  at least one blade element. 
It would appear  reasonable t o  assume thak-thifi blade  element would be 
near  the mean radius. 

- 
0 s 

_ -  
- 

.- - 

Loss paramete%: set of mean-radius loss data reported i n  chapter 
VI1 ( r e f .  2) was employed i n  an investigation of the uncertainty  intervals 
i n  l O S 6  parameter m r .  The design  values  of loss parameter LU; . f o r  each .. 

observation were obtained by the use of the loss-correlation method of 
chapter VII, and the-  quantities r(E1 - z;) were calculated. Frequency 
r a t io s  f o r  increments i n  (or - E ' )  of 0.02 were calculated and are plotted 
i n  figure 22 as an  approximate frequency-distribution  curve. The frequen- 
cy r a t i o   p l o t t e d   i n  figure 22 is the r a t i o  of the number of observations 
within  an  increment i n  (03' - 01)') of 0.02 t o  the t o t a l  rminber of observa- 
tfons. For instance,  the  value of 0.132 plotted at (03' - LA) equal   to  

-0.02 denotes that 13.2  percent -of the values of 6' - 01);) f a l l  within 

limits of  from -0.03 t o  -0.01. The t o t a l  number of observations fo r  t h i s  
set of man-radius Loss data was 68. 

" 

" - 
--- 

-. . - .  
. -  

d 

- 
d 

- 

The curve of figure 22 indicates that the  discrepancies between the 
design  and measured values of CD' p l o t   i n  a rough  approximation of a 
random distribution,  although  there i s  some bias  i n  the direction of posi- 
t ive  errors .  These mean-radius data indicate that au in te rva l  of from 
-0.03 t o  0.03 i n  (a' - ;&) (an  uncertainty  intervaJ of 0.06) contdns  - 

82.4 percent of the observations;  the  corresponding odds fo r  this in te r -  - 

val are 4.7 t o  1.0. 

- 
" 

The data of figure 22 represent a cmbination of measurement errors  
and design  errors;  thus,  the  uncertainty  interval fo r  design  errors only 
corresponding t o  odds of 4.7 t o  1.0 would be:..ess than t& value of 0.06 I 

obtained from these data. . .  - 

Deviation  angle: An approximate frequency-dietribution curve fo r  
mean-r&us design  errors  in  deviation angle was prepared i n  the same way * 
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as the corresponding  curve f o r  loss s rameter .  'PBe result ing curve, which 
was prepared far intervals  of lo, i s  p lo t t ed   i n   f i gu re  23. For these data, . 89.1 percent of the observations were within  an  interval  in ( S o  - 58) of 3' 
(-1.5O t o  1 . 5 O ) ,  which corresponds t o  odds of 8.2 t o  1.0. As was the 
case  for  design  error i n  loss parameter, this in t e rva l   fo r  the quoted  odds 
i n  design  error  only WOUXL IE snaauer than 3O. 

Radius t o  blade  element: Design e r r o r s   i n  the choice of r2 as a 
function of r a r e  involved with the radial-equilibrium  condition and 
are macinly systematic  errors that depend on the design  flow  distribution 
and the compressor configuration. It can  probably be assumed, therefore, 

1 

that the uncertainty  interval   for  random errars i n  r i s  negligible 
2 

compared with the other m o r s  introduced. 

Calculation of uncertainty  intervals   in  performance. - For the e s t i -  
mation of the limits i n  blade-element  performance near the mean radius, 
formula (7) i s  employed. 

U s e  of Measurement-mor Chmts 
c 

!I% charts f o r  the analysis of measurement errors  can be employed i n  
several ways : (1) f o r  the calculation of uncertainty  intervals i n  per- 
formance parameters  corresponding t o  estimated uncer ta in ty   in te rva ls   in  
the measured data, (2) f o r  the evaluation of measured data based on the 
consistency  evidenced  by  plot6 of performance  parameters,  and (3) as an 
aid i n  planning  instrumentation. 

Uncertainty  intervals i n  performance. - For measurement e r rors  of 
the random type, the procedure  outlined i n  reference 4 can be followed. 
Intervals are estimated f o r  each measured datum within which the same 
odds (b) can be quoted that the true value will lie .  The uncertainty 
i n t e r v a l s   i n  a performance paranmeter due t o   e r r o r s   i n  each measured mi- 
able me then'obtained from the charts and me cambined by means  of for -  
mula (6). The final resu l t  will be an   in te rva l   in   the  performance param- 
eter f o r  w h i c h  the odds are b that the value of the performance param- 
e t e r  will lie. 

Evaluation of data. - Plots of performance parameters against mass 
flow  or  incidence angle can sometimes be employed, along with the charts, 
t o  evaluate the accuracy of measured data. For  instance, figure 18 shows 
that the calculated  values of Ej' are very  sensitive to e r r o r s   i n  P 

a slight scat ter  from a smooth curve, the measured values of P and T 
can be considered  very  comisfent . Also, figure X)(b) shows that the 
calculated  values of stagnation  enthalpy  (or  stagnation  temperature) by 

- and T. If, therefore, a plot  of rotor  (D' against  incidence shows on ly  

- 
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change of moment of monmentum are sensitive at high Mach numbers t o  meas- 
urement errors i n  flaw angle p . Even i f  a discrepancy of 2' F were 
observed between the measured stagnation  temperature and the  value ob- 3 

tained by change of moment of momentum, t lr ts  could be accounted f o r  by a 
measurement error  of Lese than lo i n  flow  angle  (for the conditions 

of checking the measurement of temperature a t  high Mach iumbers by the 
temperature  calculated from the change of mament  of  momntum across a . " 

rotor .  A t  a Mach  number of 0.5, the  effects of errors  in flow angle and 
s ta t ic   pressure on--change of moment of momentum would be  approximately 
the  same; a t  lower Mach nurnbers, the  static-pressure  errors would have 
t h e  greater   effect   ( f igs .  20(a) and ( b ) ) .  For -&my conditions of veloc- 

error  in change of .moment of momentum equivaknt   to  approximately 1O-a i n  
temperature r i s e .  Since lo F i s  also a reasonable  error  to be expected 
i n  the direct measurement of temperature, - n u  -ahantage In accuracy is 
indicated either far the-d i rec t  measurement af temperature o r  f o r  the 
calculation of  change of.momeat of momentum at l o w  Mach numbers. 

M2 = 0.64, p 2  = So, p i  = 50°). This example i l lust rates   the  diff icul ty  . . .. 
- ." 

-* 

" 

-_ ity diagram, an e r ro r  of 1 percent  in  static  pressure would cause an- ." 

Instrumentation. - The charts can be used as a guide in choosing ¶a- " 

strumentation of sufficient accuracy f o r  the expected test  conditions and . . . .. - 

combinations of flow parameters. The relat ive air angle p '  or  4 P k  is 

an  important  pazameter i n  t h .  correlation of data, s i n e  these f l o w  angles 
deterartne Inc idmT-dev la t ion ,  and turning angles. Figures 16(a) and (c) 
show tha t  measurement errors  I n  static  pressure  (or  sta-gnation  presswe) 
can  cause  greater  error in  the  calculated  value of B than would a rea- 
sonable  error  in  the measurement  of absolute air angle - P I  especially at 
low Mach numbers. Thus, the necessity for careful  design and c a b r a t i o n  
of static-pressure probes i s  emphasized. ". 

-,- 

1 
" 

-. 

.- 

c 

CONCLUDING REMARKS 

An analysis was performed of efZects.-af design errors  an compressor 
" 

performance  parameters,  and of effects of measurement errors  on c a l c h t e d  
values of performance  parameters. 2% following results were obtained: 

. . .. 

1. Formulas and charts were prepared  and  presented from which the 
changes i n  blade-elemnt performance parameters caused by design errors  
and  the  errors i n  calculated performance  pwameters  due- t o  measurement 
errors  can be determlned. 

. .. 

. . .. . - .  . . - ." 

- 
2. The use of the design-error  chmts during the design  calculations " * 

and i n  the analysis . a d  interpretation of data i s  discussed. The charts 
can be used to  evaluate the sensi t ivi ty  of- a even  veloci ty  diagram t o  
design er rors ,   to  determine whether iteratA.ans .af..design calculations are 
warranted, and, t o  a lfmited  extent,  to  calculate the uncertainty inter- - 
vals i n  blade-element  performance. 

"- 
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3. The  measurement-error  charts can be  employed along with the pro- 
cedure  devised at the Gas Turbine Laboratory of the  Massachusetts Insti- 
tute of 'Ilechnology for the estimation of uncertainty  intervals in calcu- 
lated performance and can also  be of assistance in the  evaluation of data 
and in the  planning of instrumentation. 

, 
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APPENDIX A 
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ACCURACY O F  FORMULAS 

The accuracy of the design-error and  measurement-error  formulas for  
reasonable  magnitudes of errors was spot-checked by means of sample cal- 
culations  for  various  conibinatians of Mach number and absolute and rel- 
ative  flow  angles. 

" 

.. -. 
0) 
IC 

8 
Design-Error Formulas 

A sample calculation  of  the  actual  effeds ( w i t h i n  the limitatlone 
of the  design system)  of certain assumed design  error6 was made a a  fo l -  
lows: A trmsonic-5nlet-stage  rotor  design was calculated. The rotor- 
out le t  air W l e s  p i  were then increased by 1' and a direct-problem 
c a l c d s t i o n  of the  rotor performance w&6 made. . me .consequent Changes 
i n  various  performance pasmeters were then .ccmgared with the correspond- 
ing  results  obtained from the  chmts.  Similarly, the design  values  of 
r o t o r  were i~crease'd by 25 percent,  the rotor performance was again 
calculated, and appropriate comparisons were made between the changes i n  
p e r f o m c e  and the  predictions of the charts. 

- 

.. . - .. - 
" 

< 
- " 

It should be pointed  out that, in a dlrect-problem  calculation af 
this type,  the  specified  error in Q, i s  propgated through  the radial- 
equilibrium calculation and causes chmgee. i n  local specific. mass flow. 
Thus, the calculation yields the combined effects  of errors  i n  and 
( P V , ) ~  on  the performance  parameters. These. combined .effects cannot be 
obtained from the cha;rts alone;  the char ts  provide no mean6 f o r  o b t a i n i n  
A( pVz) a6 a function  of A@;, because i n  blade-element flow and 
( P V , ) ~  are t reated as if they were independent. The values of A(pV,)2 
obtained from the   ca lcu la t im were therefore emgloyed along with the 
specified  error of lo i n  pi to  obtain  the ch& predictions of changes 
in performance. The values obtained from the char ts  f a r   e f f e c t s  of error6 
i n  p i  and f rom the charts far effects  . o f  .errors- ip (pV,) were added 
algebraically, as specified by formula (lc) 

" 

. . ". . . - -. - 

" 

" 

The design a s s q t i o n s  were a8 follows: . -  

(1) M; = 1.10 at rotor   t ip .  

(2)  p i  = 60° a t  rotor  t ip,  p, = 0' at a l l  radii. 
c 

(3) (rl /r t)h = Oo5' 
- 

f 

(4) % - H1 varied linearly from 300,000 ft-lb/slug at hub t o  
400,000 ft- lb/slug a t  t i p .  _, - ,. . - 
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An approximate calculation of density r a t i o  was made to determine 
the  annular-area ratFo for no change i n  average axial velocity.  This 

L calculation  yielded a value f o r  ( r2/rt) of 0.6. 

The radial-equilibrium  calculation was based on simplified  radial  
equilibrium  including  entropy  gradient (ref. 5) . An arb i t ra ry   assuqt ion  
of was made, varying from 0 .O4O a t   t h e  hub t o  0.100 a t  the t i p  
(nodinearm)  . 

w 
5 The following table l i s t s  va lues  of performance  parameters  obtained; 
CD the range  given i s   the   var ia t ion  from hub t o   t i p :  

13.61° - 48.52O 
40.94O - 34.19O p2 
0.512 - 0.752 
0.659 - 0.603 
1.096 - 1.128 
1.363 - 1.445 

The direct-problem  calculation, employing vdues  of p '  increased 
by lo a t  all radii, resulted i n  small changes in the local gpecific mass 
f low at the  different radii of from -1.2 to 0.8 percent  because of the 
propagation of the assumed error i n  through  the  radial-equilibrium 
calculation. - 

The changes i n  blade-element  stagnation-pressure  ratio were analyzed. 
The pressure  ra t io  was reduced by t h e  assumed decrease in turning  angle, 
together with the  consequent  changes i n  (pv,),, and the  net decrement i n  
pressure  ratio  obtained from the  charts agreed very  closely with the  tal- - 
culated  values, as follows: 

Radius ra t io ,  

rl/rt 

0.5 
.6 
.7 
.8 
.9 

1 .o 

N e t  A(P2/Pl) due t o  A@ = lo 
and t o  consequent  A(PV,)~ . 

Calculated f i a m  charts 

-0.OloQ -0.0103 
- -0145 
- ,0186 

- .014l 

- .0318 - .0316 
- .0278 - -0278 
- -0233 - .0236 
- .0185 

The assumed increase in zf for the second  phase  of the check cal- 
culation also caused small changes in Local values of ( p ~ , ) ~  of from 
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-1.6 t o  1.2 percent. The net  &fect of .t&ese  changes m s  a general 
decrease i n  pressure  ratio, and  good agreemqrtbetween  the  calculated 
values & those  obtained from the charts was observed: 4 

Radius ratio,  Net A(P2/P1) due t o  &i1/Z1 = 0.25 

+t and t o  consequent A(pV,) 

Calculated From charts 
0.5 

- -0159 - -0168 .9 
- .0137 - 0146 .8 
- -0125 - -0118 .7 
- -0096 - -0093 -6 
-0.0065 -0 -0061 

1.0 - -0181 - -0189 
It i s  believed that the foregoing calculation  verifies  the  amlica- " 

b i l i t y  of the design-ermr formulas, for   the given r w e  of Mach numbers 
and flow angles, to the  uses  suggested i n  the text. 

A limitation of the  design-error  formulas  ccmtainhg  the term 1. - M! 
i n  t he i r  denominator s i s  that they are inaccurate P o r  Mach nunib e r s  in  the 
neighborhood of -1.0. S a p l e  calculatFans  indicate that the  accuracy of 4 

such formulas i s  good for Mach numbers up t o  at leas t  0.75. 

Measurement-Error Formulas - .  

The measurement-error formulas were checked by means of Bartple cal- 
culations and, in a f e w  cases, by comparison with  the  exact f ormula. 

L o c a l  specific mas8 flow. - Calculations w e r e  made to compare the 
actual and chart values of A(pV,) caused  by changes i n  s t a t i c  o r  stag- 
nation  pressure of 1 percent. The following F l u e s  were . " obtained: 

Calculated From charts 

0 -5 

Percent change i n  pV, f o r  &/P = 0.01 M 
-.74 - .83 .7 
-2.14 -2 -63  

Calculated I From charts 

0.5 

Formula (d-iil, vii) , which give-s the  effect on pV, of 

1.74 1.67 .7 
3.15 2.88 

rnent error  in  T, contains  the  approximation that 
a measure- 
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Substitution of M / T  = 0.01 into the left side  yields a value of 
-0.00496. Thus, f o r  M / T  = 0.01, formula (mA-i i i ,v i i )  yields a resu l t  
only 1.009 tirnes the correct value. 

Similarly, formula ( a - i v ,  v i i i )  , which gives  the error in  pV, due 
t o  a measurement e r ror  in f3, contains  the  following approximation: 

For the  range Oo sj3 60°, the  degree of approximation  decreases a s  j3 
increases. For the worst  case ( p  = Oo), where formula  (mA-iv,viii) indi- 
cates no error  in pV,, a measurement error of Aj3 = lo would actually 
cause an error  of 0.015 p e r c a t  i n  pV, . This discrepancy is clearly 

obtained frm fonrmla (mA-iv,viii)  and from -the  exact  calculation i s  

9 
d negligible. For p = 600, the  discrepancy between the  values- of A(pV,) 

w 
rp 

# r  only 0.0013 percent of pVz. 

Relative air angle. - The following table presents a saqle compar- 
ison of calculated magnitudes of changes i n  j3' with  the  corresponding 
values obtained frm the charts (formulas (mB-i,v) t o  (mB-iv,viii))  for 
the  specified assumed measurement errors:  

I 

I M I A 6 t I .  deQ I 
I I '  I I I I A c t u a l  IFrom c h a t s  I A c t d  I From charts 1Act-l I From charts 

0 -5 0.31 0.32 }O .05 0 -06 1-36 1.33 
.7 .71 .69 
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DERIVATION OF FORMULAS 
. 

Design-Error Formulas 

The de r iva t im  of formula (d3"v) i s  present.ed  here as an example .. 

e r ro r   i n   t he   ro t a r  loss parameter must be  found far the condition of  to 
unchanging local speclf ic  mass flow. A formula f o r  V, is  as - . .  - - 

follows : 

Q, 

d( of the  general  procedure. The error i n  axial velocity Vz,2 due t o  an F ". 

. .  . ,-LI . t - .- 

The relative  stagnation  enthalpy Hi is not affected by an e r r o r  
in z'  ; and, f o r  this derivation, i s  held constant: I _  

The condition of constant (pV,)z provides a means f o r  evaluation 
of (ah2/a;sf ) : 

4 

Differentiation of f.ormub ( 2 0 )  w i t h  respect to yields  the following: . " 

1 - - I .. . " 

cos p '  2 + 
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Rearrangement of (B2) yielde 

b 

c 

c 

The relative  stagnation  pressure PA is a function of P i J  ( u t  the 
- 

re la t ive  enthalpy r a t i o  %/HiJ and pl/Pi (or  M;) : 

Substitution of (E) in to  (B3) and  rearrraagement yield 
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Theref me, 

where 

For some of the subsequent formulas of series d, VzZz was used as - .  " 

an intermediate  variable. The .der ivat iF.of   the formula f o r  error i n  P2 
is presented as an example: 

. -. 
- 

- .  . " " -. .. 
.. .. 

. .. - 
" ". i 

.. . - . ._ .. - . . - - - . "  

.- 

Y 

Theref are, 
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The term is obtained  as follows: 

Theref ore, 

Combination of (B10) , (B8), and (dF-v) yields  the following: 

Measurement-Error Formulas 

m e  Wivatim of f o r m u l a  (d-1) i s  presented to i l l u s t r a t e  the d c d a t t F o n  of 
the  ser ies  m formulas. Formula (mA-i) gives  the e r r o r  in pV, caused by a  measure- 
ment error in pl: 
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Figure 3. - Effect of design e r r o r  i n  stagnation-pressure-loss parameter 
on stamation  pressure [eq. (aA-(i))]. 
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(b) Absolute air Emgle (eq. ,(dB-ii)). 

Figure 4. - Continued. E f f e c t  of design errors on &al veloc i ty  upstream 
of rotor .  
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(c) Stagmation enthalpy (eq. (dB-iv) ) . 
pisure 4. - Concluded. Effect of de~ign error6 on axial velocity upstream of ro tor .  
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(b)  Absolute a ir  angle (eq. (all)). 

. - Coaoluded. Eifeot of design errors on relatlve air angle. 
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(a) Stagnation pressure (eq. (a -5 ) ) .  

Figure 8. - Effect of desi@ errors on axla1 velocity 
downstream of rotor .  



. ... " 

a 

-2 

-4 

-6 

-E 

-lc 

-12 

"14 

-1 F 

? . 3 .i V . 
. .  
. I  . . . . . . . . . . . . . . - . . . . . . . I 3479 . . . . . . . . . . . . . . . . . . - . . . .  



NACA RM E56B03b .. 

-a co 

9-l 
d 

Ir 

I4 

20 

16 

12 

8 

4 

0 

-4 

-8 
(c) Stagnation enthalpy  (eq. ( a - i v ) ) .  

Figure 8. - Continued. Effect of design errors on axial 
velocity downstream of   ro tor .  
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Figure 9 .  - Factors 'P, 3 ,  and 4 aa functions of r e l a t i v e  Mach number, r e l a t i v e  
a i r  angle, and a b s o l u t e   a i r  angle. ( A  l a rge  working copy of this f i g .  may be 
obtained by using t&e re.quest card bound In the  back of the repor t .  ) 
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Flgu~e 12. - Eifeot of design m o r  In radius t o  blade e lawnt  on abnoluta air angle (as. (dJ-viii)). 
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(a) hetor A (eqa: (CII-I-~V) and (27) ) .  

F w e  13. - Factore A and r ad functicm of relative air angle, solidity, and dlfiualcm fao tar .  
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(a) Static pressure (w. (mk-1,~)). 

.3 - 4  ' .5 -6 .7 .8 .s 1.0 
Absolute Kaoh number, H 

(b) Stagnation preasure (as. (nA-il,vl)). 

" 

0 10 x) 30 40 50 60 70 80 
AbEOlute air angle, B, deg 

(c) dbsolute air angle (eq. (IUA-IV,VIII)). 

Flgure  15. - Effeot of measurement errom m calculated  value 
of  local sgeoific ~ S E  flow. (A large working COPY of this 
figure may be obtained by using the request card bound i n  
the back or the report. ) 
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( a )  Absolute rir angle (eq. ( r iB -~v ,vT l l ) ) .  

e 16. - Concludsd. Effect o f  memurewnt cmcm on calmlatcd value of relative sir angle, 
J of thin figvrr may be obtalned by using the  request card  bound i n  the 

A 

. . . . . .  , .  I : , . I  i . . . .   . . . .  

5 

- ". . . I ,  

. . . .  

0 
6 

w 
8 
3 



. . .  . .  . 

I i 

k 
8 
13 

a 

P 
F 

I 
Figure 17. - Effect of measurement error in etagnation pressure on calculated value of absolute 
stsgnation-pressure-lose parameter (eq. (mC-ii) ) . 
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Figure 18. - JXfect of measurement error in stagnation  pressure on 
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(b) Stagnation temperature (eq. (mGlii)). 

Figure 19. - Effect of measurement errors on calculated value of blade-element 
efficiency. ( A  large Working copy of this figure may be obtained by using 
the request card bound in the back of the report.) 
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(a)  ~ t a t i c  pressure upstream of rotor (ea. (“I)). 

Figure 21. - Effect of measurement error6 on calculated value of diffusion factor.  
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( b )  Absolute  a2r angle upstream of rotor (eq. (m0-iv)).  

Figure 21. - Continued. Effect of meaeurement errors on calculated value of diffusion  factor. 
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Measured design error in relative  stagnation-pressure-loss parameter, Cut - 0; 

Figure 22. - Appraxzlmate frequency distribution for s e t  of  measured design errors 
In relative stagnation-pressure-loss prameter. 
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or cn By James F . Dugan,  Jr . 

SUMMARY 

In  order  that  cdmpressor  operation  can be found  for  specified  flight 
conditions  and a mode  of  engine  operation,  methods  are  presented  for  re- 
lating  the  compressor  to  the  other  components  of  four  types  of  gas- 
turbine  engines - the  shrgle  turbojet,  the  afterburning  turbojet,  the 
turboprop with coupled  power  turbine,  and  the.  turboprop  with  free- 
wheeling power  turbine. 

. The  method of superposing  component  matching  maps  to  obtain  one- 
and  two-spool  gas-generator  performance  is  discussed,  as w e l l  as simp=- 
fied  methods  for  obtai-  gas-generator  performance.  The  simplifica- 
tion  results  from assuming constant  turbine-inlet  equivalent  weight  flow 

can be found  from  the  gas-generator  performance  alone  for a range  of 
flight  conditions  when  the  mode of engine  operation  is  specified  by  as- 
signing  values of mechanical  speed  and  turbine-inlet  temperature. 

- and an approxbate relation  for  turbine  efficiency.  Cnmpressor  operation 

Procedures  are  also  discussed  for (1) cmbining the gas generator 
with  the  other  components  of  gas-turbine  engines so that cmpressor op- 
eration  can be found  for a range  of  flight  conditions  when  the  operating 
mode is specified  by  assigning  values of mechanical  speed and exhaust- 
nozzle  area; (2) locating a constant-exhaust-nozzle-area  equilibrium  op- 
erating  line on the  compressor  performance  map of a one-spoolnonafter- 
burning  turbojet  engine  operated  at  static  sea-level  conditions; (3) 
matching  the  carnponents of a one-spool  simple  turbojet  engine during 
transient  operation  for a specified  flight  condition, a specified  tran- 
sient  path on the cmpressor nap,  'and a fixed  exhaust-nozzle  area; (4) 
finding  the  compressor  paths  during a transient  for a nonafterburning 
two-spool  turbojet  for  which  the  exhaust-nozzle  area  and  inner-turbine- 
inlet  temperature are maintained  constant;  and (5) calculating  the  time 
required  to  accelerate to a higher  engine  speed  for  both  one-  and  two- . 
spool turbo  jet  engines. 
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An axial-flow canpressor i s  designed so that a t  a specif ic   rotat ive 
speed  and  weight  flow  the  desired v a l u e  of total-pressure ratio is 
achieved a t  a high l eve l  of efficiency. As a component of a gas-turbine 
engine, the compressor i s  required t o  operate  over a rasQe of pressure 
ra t ios ,  weight flows, and rotat ional  speeds  during  steady-state  and 
transient  engine  operation. To i l l u s t r a t e  t h i s  point,  engine  operation 
i s  related t o  the  cmpressor performance map of pressure  ratio  plotted 
against  equivalent w e i g h t  flow  with  equivalent  rotational  speed as a 
parameter. During engine  acceleration  prior  to  takeoff when the com- 
pressor  speed  increases from zero  to  the  takeoff value, the compressor 
may operate i n  a region  characterized by severe  blade  vibrations  caused 
by rotat ing stall. Acceleration may even be  prevented  by compressor op- 
eration  outside  the  stable  operating  region bounded by the  cmpressor 
surge- or stall-limit lFne. For subsonic flight i n  the  stratosphere, 
the canpressor may operate in  a low-efficiency  region a t  high values of 
compressor equivalent speed. A t  supersonic flight speeds, t h e   c q r e s -  
sor surge- or stall-limit l i n e  may be  encountered o r  operation may be 
required i n  a region  chaxacterized by low compressor efficiency or dm- 
gerous blade  vibrations 

The purpose of this  chapter is  t o  present matching procedures so  
that cmpressor  operation can be  found for  specified flight conditions 
and a mode of' engine operation. (The matching procedures  also  yield 
the  operating  points of a l l  the other  engine componenta .grid data from 
which engine  performance can be calculated.) Such methods are useful 
in  selecting  engine design values  for  cmpressor  pressure  ratio and 
weight flow. After  the compressor  performance map i s  estimated  (see ch. 
x (ref. l)), it may be  evaluated by employing matching procedures t o  
find  the  region Over which the compressor will be  required t o  operate  for 
the  desired mode  of operation and range of f l ight  conditions.  Besides 
permitting & ~ 1  evaluation of campressor  performance maps, the matching 
methods presented  herein  permit  calculation of the  effects of compressor 
changes on engine  performance. The methods of chapter X may be  used 
t o  estimate the  effect  on compressor  performance of changes involving 
interstage  bleed,  passage flow area, or  blade-setting  angles. With the 
new compressor  performance map Ebnd the matching  procedures, the   e f fec t  
of the  cmpressor change on engine performance may be found. 

In order   to  find where on i t s  performance map a compressor will 
operate as pa r t  of an engine for a specified flight condltian and mode 
of engine operation,  the  engine  cmponents m u s t  be matched. The follow- 
ing three approaches may be used t o  accomplish component mtching. Re- 
gardless of the approach, four  relations  involving  continuity of flow, 
power balance,  speed of rotation, and pressure  ra t io  are available. 

4 

" 

" 
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In one approach, the  conventional  compressor and turbine perform- 
ance maps are  employed. For  an  operating  point  assigned t o  one  of the 
cmponent maps, the  corresponding  points on the  other  cmponent maps 
are found by satisfying  the four  matching relations.  such an approach 
is  discussed in reference 2 f o r  the turbojet  engine and in reference 3 
for  the  turboprop engine. 

In a  second  approach, the performances of  the turbine,  tailpipe, 
and  exhaust  nozzle are combined. The conventional  compressor  perform- 
ance map is  retained; and, f o r  an operating point on this map, the  cor- 
responding  operating  points of the other camponen& are found  through 
the use of the  cmbined performance of the turbine,  tailpipe, and  ex- 
haust  nozzle. This approach is used in  reference 4 f o r  the one-spool 
turboprop with coupled power turbine and in  reference 5 f o r  the one- 
spool  turbojet  without  afterburning. 

Ln a third approach, the combined performance of the compressor, 
combustor, and turbine is  found. In place of the conventional compres- 
sor and turbine performance maps, matching maps are used. A l l  possible 
match points are determined  by the  superposition of these matching maps. 
When the  operating mode i s  such t h a t - t h e  mechanical  speed  and  turbine- 
inlet temperature  are  specified, this approach i s  especially  useful. 
For this type of problem, the compressor  Operation can be  found from the 
cmbined performance of the compressor,  combustor,  and turblne, inde- 
pendent of the inlet ,   ta i lpipe,  o r  exhaust-nozzle  performance. The 
idea of superposition of component maps t o  achieve matching is  used in 
references 6 -t;o 8 for  me-spool gas-turbine engines  and i n  references 9 
and 10 f o r  two-spool gas-turbine  engines. 

Procedures fo r  matching the cangonents of one- and two-spoolturbo- 
j e t  engines  during  transients  are  presented in references J l  and 12, 
respectively. The equations  and  procedures i n  reference 13 facilitate 
the computation of part-load and off-design-point internal  performance 
by the use  of  automatic  cmputing  machinery. 

Much of the material i n  t h i s  chapter is derived from references 5, 
8, and 10 t o  12. General and simplified methods are given f o r  matching 
compressor  and turbine comwnents of one- and  two-spool j e t  engines f o r  
equilibrium operation (refs. 8 and 10) . Procedures fo r  combining the 
performances of the compressor, cabustor ,  and turbine components to 
yield gas-generator  performance are exglained, as w e l l  as the way com- 
pressor  operation can be  found from the gas-gen-tor performance f o r  
a range of flight conditions  en the mode of engine operation i s  speci- 
fied by assigning  values of mechanical speed and turblne temperature. 
In order that coIIIpressor operation  caa be found when the  exhaust-nozzle 
area is specified,  procedures  are  discussed  for combining the  gas- 
generator performance with that of other  cmponents  such as an inlet, a 
propeller, an afterburner, a free-wheeling power turbine, and an exhaust 
nozzle. A simplified method f o r  locating a conskt-ex%aut-nozzle-area 
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equilibrium  operating  line on the compressor  performance map of a one- 
spool turbojet  engine  operated at static  sea-level  conditions is  a s -  
cussed (ref. 5). The couibined performance of t h e  turbine,   tai lpipe,  and 4 

exhaust  nozzle is r e l a t e d   t o  compressor pressure  ratio- and  weight flow 
in  several   char ts .  Desired operating  lines  can be located on specif ic  
compressor  performance maps through  the  use of the  charts.  A method is  
discussed whereby the  cornpressor  and turbine of a one-spool turboJet en- 
gine may be matched f o r  a specified  f l ight  condition, a specified  tran- 
sient  path on the compressor map, and a fixed  exhaust-nozzle area (ref .  
11). For a two-spool turbojet  engine  (ref. 12) ,  procedures  are  discussed $ 
for finding the compressor paths during a t rans ien t   for  which the  exhaust- hY 

nozzle area and inner-turbine-inlet temperature are held  constant. 

- 

" 

SYMBOLS 

The following symbols are used i n  t h i s  chapter: 

A area, sq f t  

E area parameter  equal t o  - 

B r a t i o  of bleed  weight  flow t o  weight flow at  compressor i n l e t  

C P specific  heat a t  constant  pressure,  Btu/(lb)(%) 

FJ je t  thrust ,  1% 

f fue l - a i r   r a t io  at combustor i n l e t  

Q acceleration due to   gravi ty ,  32.17 f t /sec2 

H total  or  stagnation  enthalpy,  Btu/lb 

I moment of iner t ia ,  ( ~ b )  (ft (sec2 

J mechanical  equivalent of heat, 778.2 ft-lb/Btu 

K constant - , . ~ - "  

M Mach number 

N ro ta t iona l .  speed, r p s  

P t o t a l  o r  stagnation  pressure, lb/sq f t  

1 

. .. 

" 

L 
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- 
P 

B 

P 

QJXS 

R 

T 

c1 

Ip 
0 

F U 

'lad 

e 

p3 p4 Pl Po pressure-ratio  parameter equal t o  - - - - 
'1 '3 PO p8 

parer for  propeller and/or accessories,  Btu/sec 

s t a t i c  o r  stream pressure, ~ b / s q  f t  

excess  torque, lb-f% 

gas  constant, 53.35 ft-lb/(lb) (si) 

t o t a l  o r  stagnation  temperatwe, si 

temperature  parameter e w a l  t o  (1 - B3) (1 + f )  q T4 'lad, cqa, 

ro tor  speed, f t / sec  

air velocity,  ft/sec 

weight f l o w ,  lb/sec 

air angle,  angle  between air   veloci ty  and axial direction, deg 

r a t i o  of specific  heats 

r a t i o  of t o t a l  pressure  to  NACA standard  sea-level  pressure of 
2U6 Ib/sq f t  \ 

adiabatic  efficiency 

r a t i o  of t o t a l  temperature t o  NACA standard sea-level temperature 
of 518.7' R 

densfty, lb/m ft 

time, see 

turbine  pressure  coefficient, (V s i n  P)/U 

Subscripts : 

C compressor 
- 
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i inner spool .. . ." . - 

o outer spool x 

PT power  turbine - 

T turbine 

Station  numbers shown in  figs. 1 and 2: 
- 

0 

1 

2 

3 

4 

5 

6 

6a 

7 

8 

Two-spool  "notation 

ambient  conditions 

outer-compressor  inlet 

outer-compressor  exit, 
inner-compressor  Inlet 

inner-compressor  exit, 
confbustor  inlet 

combustor  exit,  inner- 
turbine  inlet 

inner-turbine  exit, 
outer-turbine  inlet 

outer-turbine  exit 

uncoupled  power-turbine  exit 

exhaust-nozzle  inlet 

exhaust -nozzle  exit 

Superscript: . .. 

* critical flow conditions 

One-spool  notation 

compressor  inlet 

" 

compressor  exit, 
conibustor  inlet 

combustor  exit, 
turbine  inlet 

turbine  exit 

w 
ks 

exhaust-nozzle  exit 

The  four  types of gas-turbine  engines  discussed.  in  this  report  are 
the  simple  turbojet,  the  afterburning  turbojet,  the  turboprop  with i 

coupled  power  turbine,  and  the turboprop vith  free-wheeling  power  tur- 
bine  (fig. 1). Common  to all four  engines  is  the gas generator,  which 
may be either  the  one-  or  two-spool  type  (fig. 2). This  chapter  is - 
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chiefly concerned with  the compressor of a one-spool  gas  generator and 
the  outer and inner compressors of a two-spool  gas generator when op- 
erated as components of any of the  four gas-turbine  engines. - 

In   the   sec t ion  GENERAL METHODS FOR EQUILlBRrUM OPERATION, a match- 
ing  technique f o r  the  superposition of component  maps is employed. A 
procedure for   obtaining  the performance of  a one-spool  gas  generator i s  
followed  by  an  explanation of t he  way compressor operating  points  for 
various flight conditions may be found from the  gas-generator  perform- 
ance  alone when engine  operation is defined  by  setting  values of mechan- 
i c a l  speed  and turbine-inlet  temperature. The discussion of t he  two- 
spool  gas  generator parallels tha t  for t he  one-spool. In order  that  
compressor operation may be determined when engine  operation i s  defined 
by  setting  values of exhaust-nozzle area and ro ta t ive  speed, methods 
are discussed for matching the  gas  generator  with  the  other coznponents 
fo r  each  of t he  f o u r  engine  types shown in  f igure 1. 

In   the  SIMPLIFIED METHODS FOR EQUILIBRNM OPERATION, turbine- inlet  
equivalent weight  flow is  assumed t o  be constant  for a l l  operating con- 
dit ions and turbine  efficiency is assumed t o  be a f’unction only of t he  

Methods for  obtaining  the performance of one- and  two-spool  gas  genera- 
t o r s  are  discussed. 

- r a t i o  of the  rotative  speed  to  the  square  root of the  enthalpy  drop. 

e A matching  technique  involving  the use of t he  conibined performance 
of the  turbine,   tai lpipe,  and exhaust nozzle i s  used in   t he   s ec t ion  
EQUILIBRIUM OPERATING LINE OF ONE-SPOOL TLTREIOJET. An approximate method 
is discussed f o r  locating a constant-exhaust-nozzle-area  equilibrium 
operating  l ine on the  performance map of a compressor t ha t  i s  part of a 
one-spool turbojet  engine  operated at static sea-level  conditions. The 
charts of reference 5, which are needed t o  accomplish this, are included. 

I n  the  sect ion METEToDs FOR TRANSlENT OPERATION, conventional com- 
pressor  and  turbine maps m e  used, and matching is  achieved  by satisfy- 
ing  the thermodynamic relat ions and the  imposed conditions. A method 
i s  discussed whereby the  compressor  and turbine of a one-spool tu rboje t  
engine may be matched f o r  a specified  f l ight  condition, a specif ied 
transient  path on the compressor map, and a fixed exhaust-nozzle area. 
For a two-spool turbojet  engine,  procedures are discussed for finding 
the  compressor paths  during a t ransient  f o r  which the  exhaust-nozzle 
area and inner-turbine-inlet  temperature are held  constant. 

.I 

GENERAL METHODS FOR EQUILIBRIUM OPERATION 

- In t h i s  and the  following main section, which discusses  simplified 
methods for  equilibrium  operation, it is convenient t o   t h ink  of a 
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gas-turbine  engine. as composed of a gas  generator and other components. 
Sketches of one- and two-spool  gas  generators are shown i n  figure 2. 
The addition of other components such as an in le t ,  a propeller, an 
afterburner, a free-wheeling power turbine, and an  exhaust  nozzle  re- 
s u l t s   i n  either a turboprop o r  a turbojet  engine (fig.  1). 

In  the  discussion of the one-spool gas generator,  the component 
performances are p lo t t ed   i n  such a way that the maps may be superposed 
t o  satisfy the  matching relations  of  continuity, power balance, and ro- 
t a t iona l  speed. A similar discussion appears in  references 6 t o  8. In  
the  discussion of the  two-spool  gas  generator, two procedures are pre- 
sented f o r  matching the  inner  spool with the  outer compressor and tur -  
bine,  the  inner-spool  perfomnce having  been  found  by the  procedures 
f o r   t h e  one-spool  gas  generator. Two-spool matching methods are dis -  
cussed in references 9 and 10. The sections on compressor operation 
from gas-generator performance discuss the  procedure for  f inding com- 
pressor  operating  points when engine  operation is  specified by assign- 
ing values  of  mechanical  speed and turbine-inlet  temperature. When 
exhaust-nozzle area and  mechanical  speed are assigned, compressor oper- 
a t ion can be found for   turbojet  and turboprop  engines as discussed i n  
t h e  section Matching Gas Generator  with  Other E n g i n e  Components. 

One-Spool Gas Generator 

In   o rder   to  match the  compressor and turbine of a par t icular  gas 
generator,  the performance of t he  compressor, combustor, and turbine 
must be known. Typical compressor and turbine performance maps are  
shown in  f igurea  3(a) and (b), respectively. In figure 3(a), compres- 
s o r  total-pressure  ratio is plotted  against  equivalent weight  flow  with 
equivalent  speed and adiabatic  efficiency as parameters. In  figure 3(b), 
turbine  equivalent  specific work is plotted  against a flow  parameter 
with  equivalent speed, total-pressure  ratio,  and adiabatic  efficiency 
88 parmeters.  The performance of a typical  combustor is nearly con- 
stant f o r  a w i d e  range of operation. In t h i s  chapter the combustor 
total-pressure  ra t io  p4/p3 is t&en  equal t o  a constant. When fiel-. . 

4. 

. .  

air r a t i o s  are calculated, combustor efficiency is  also taken t o  be a 
constant. - 

Matching relations.  - In matching the compressor and turbine,  three 
of the  four  matching relat ions are available: 

(1) The air weight  flow in to  the compressor mims the  air weight F -  

flow  bled from the compressor exit p h s  the   fue l  w e i g h t  flow added i n  
the  combustor equal  the  gas weight f low into  the  turbine. 

- 1  

. " 

- 
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(2) The power output of the  turbine i s  absorbed by the compressor 
and the  accessories. - 

(3) The mechanical  speeds  of t he  compressor  and its driving tur- 
bine are the same. 

For simplicity,  the three matching relat ions are expressed i n  terms 
of equivalent  performance  parameters as follows: 

Continuity: 

Power : 

% - H 1  '4 - '6 

Speed: 

Matching maps and their  superposition. - Compressor and turbine 
matching i s  achieved by graphically  satisfying  eqpatfons (1) to (3). 
The performance  of the  compressor is plot ted as (H3-H,)/N2(l-B3) (l+f) 

against w * N / ~ ~  for  constant values of N/ 6 (fig.  4 (a) ) . The com- 
pressor  variables are computed from 

. 
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For  the  purpose of this  conversion,  it  is  usu@lly  sufficient  to  assume 
constant  values of fuel-air  ratio f, compressor-exit-bleed  ratio B3, 
specific  heat  at  constant  pressure combustor  pressure  ratio 
P4/P3, ana yc. (The  variation of c and y with  total  tempera- 
ture may be  accounted for by using charts such as those  presented  in 
ref. 14.) 

?I?, c,  
P, C C 

The turbine  performance is plotted  as (Hk - H6)/N2 against 
for  constant  values of . N/m as  in  figure 4(b). The  ordinate 

is  computed  from 

=4 - Hg 

The  components are matched  by superposing figures  4(a) and (b) so 
as  to  satisfy  the  continuity and power  relations (eqs, (I) and (2)). 
The  abscissas  are  6uperposed  directly,  while  the  ordinates  are  offset 
by the  value of the  accessory  power  term  in  equation (2). In  many  in- 
stances  the  accessory  power  term is so small that  it  can  be  neglected. 
Sometimes  the  value of the  accessory  power  term  computed for one  engine 
operating  condition is assumed  to  prevail  for all other  operating condl- 
tions.  With  the  compressor  and  turbine  matching  maps  overlaid,  each 

" . - 
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point  common  to  both mps is a possible  match  point  for the gas  gener- 
ator.  At  each  such  point,  the  turbine-inlet to compressor-inlet  tem- 

values  of  equivalent  speed  read  from  the  overlaid  maps. 

* perature  ratio T4/Tl may be  calculated  by  using  equation (3) and  the 

Component  parameters. - For  each  match  point,  the  pressure  and  tem- 
perature  ratios  across  the  c-ressor  and  turbine may be  calculated or  
read frcm appropriate  component  maps.  The  campressor  pressure  ratio 

ts cu and taperatme ratio  could  be  read frm plots  of  these  variables  against 

cif ic work  is  calculated f r m  the  values of (H4 - H6) /N2 and IT/ 6, 
the  turbine  pressure  ratio  can  be  read from the  conventtonal  performance 
map  (fig.  3(b)) The  turbine  temperature  ratio may be  calculated  from 

h w4Nl64 with N/& as a parmeter.  After  the  turbine  equivalent  spe- 
a', 

T6 =4 - Ec, 1 "1- 
T4 e4 ?P,T 518.7 

The value of C~,T can  be  calculated  from 
0 w 
I 
tP- 
I"' 

The  value  of y is usually based on the  design  values  of  fuel-air  ra-t;io 
and  the  arithmetic  average  of  the  turbine-inlet  ahd  -outlet  temperatures. 
If more precise  calculations  are  warranted,  the  charts of reference 14 
may be  used  to  find  values  of TgD4. 

. 

For matching purposes,  the  value  of f is usually assumed  to  be a 
constant  (its  design  value).  Once  the cmpressor and turbine  are 
matched,  however,  the  equivalent  fuel-air  ratio f/el at  each  match 
point may be found  by  using  the  values  of T3D, and T4b1 , an assumed 
fuel, a combustor  efficiency,  and cabustion charts such  as  those  pre- 
sented  in  reference 14, There  is no need  to  rematch  the  compressor  and 
turbine,  because  the  term (1 + f) changes only slightly.  The  compressor 
equivalent  weight flow wl f i /B1  may be calculated by using equation 
(4).  The  turbine-outiet  equivalent  weight  flow may be  calculated from 
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The  performance  of pfize;Tl, PdP1, and wlx/fjl against 
001 gas  generator  be  presented  as 

as a parameter  (fig. 5). I 

Cmpressor operation  from  gas-generator  performance. - Compressor 
operating  points  for  various  flight conditims m y  be  found frm the  gas- 
generator  performance  alone  if  engine  operation  is  defined  by  setting 
values of mechanical  speed N and  turbine-inlet  temperature T4. For \9 

a particular  flight  condition  (altitude  and Mach number),  values of T l  L\ 
and 61 can  be  found. From figure 5 and values of T4/T1 and HI&, 3 
a value w6 &I66 is read. men, f r o m  values of x6 and . "  "- 

N/ 6, values  of PdP1 and wl &/El are  read.  Thus,  for  each 
flight  condition  the cmpressor operating  point  can  be located. 

One-spool  matching  methods  are  applied  to  specific  equilibrium  prob- 
lems in references 15 to 19. 

Two-Spool Gas Generator 

A schematic of a two-spool  gas  generator  is  shown in figure 2(b). 
The  outer  compressor  and  outer  turbine  are  mounted on a c m o n  shaft. 
Hereafter,  these  components  are  called  the  outer  spool.  The  inner  cam- 
pressor  and  the inner turbine  are  mounted on a second shaft which is not 
coupled  mechanically  to  the  shaft  of  the  outer  spool. In airplane en- 
gines, the outer-spool shaft  is  inside of and concentric with the hollow 
shaft of the inner  spool.  Between  the  inner cmpressor and  inner tur- 
bine is the combustor; taken  together,  these  components  comprise  the 
inner spool. 

In mtchlng the components af a two-spool gas generator,  it  is  con- 
venient to match t h e  components of the  inner spool and then  match  the 
inner-spool with the  outer-spool  components.  The inner- spool comgonents 
are  matched according to  the  procedures for matching the cmponents of a 
one-spool  gas  generator.  Notice  that  engine  stations 1, 3, 4, and 6 for 
the  one-spool gas generator  are  replaced by 2, 3, 4, and 5 for  the  inner 
spool of a two-spool gas generator (fig. 2) . The manner in which  inner- 
spool  performance is presented  is  determined by the  method  employed to 
match  the  outer-spool  components. Two procedures %e discussed for 
matching  the  outer- and inner-spool  components. In the  first  procedure, 
an inner-spool  operating  point  is  assigned and mat.chlpg with the  outer 
compressor  and  outer  turbine is achieved  directly. In the  second  pro- 
cedure, w h i c h  involves a trial-and-error  step, an outer-compressor op- 
erating  point is assigned so that  the  gas-generator  performance for con- 
stmt values of outer-spool  equivalent  speed  results. 
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Direct method of matching outer  and hner spools. - The two-spool 
matching problem becomes one of  matching the  outer  spool with the inner 
spool. Because of the aerodynamic coupllng between the two spools, 
specifying two independent  conditions  determines  the  operating  points 
of all the ccanponents. If an operating  point i s  assigned  to  the  inner 
spool, outer-spool matching is achieved  directly.  For this approach it 
is convenient to  express  the power and continuity  relations  with  regard 
to  the  outer  cmgressor and outer  turbine,  respectively, as 

Constant  values of compressor bleed a t  s ta t ions 2 and 3 and fuel-air  
r a t i o  may be  chosen. The matching map for   the  outer  compressor i s  shown 

i n  figure 6(a) . Here is plotted against 
NE(1 - B Z ) ( l  - B3) ( l  + f) 

log (qNo/S2) f o r  l ines  of constant  equivalent  speed N o / f i  and  con- 
stant  equivalent weight flow w2 ,@$2. For the matching map of the 
outer  turbine, (% - HS)/N20 is plotted  against  log (w+o/85) w i t h  
w5 6 / 6 5  and H0/ 6 as parameters (fig.  6(b) ) . In order t o  match 
the outer-spool ccmponents with the inner spool, the matching map of 
the  inner spool i s  lotted as i n  figure 6(c) . Here, inlet   equivalent 
weight flow w2 J@$~ is plotted  against   outlet   equivalent weight f low 

w5 6 / 8 5  with mi/& and P5/P2 as parameters.  Inner-spool  opera- 
t i on  is, of course,  Umited  by the equivalent flow that can  be  passed  by 
the  outer  turbine. 

Hz - %l. 

With these  three matching maps (fig. 61, the match points of the 
two-spool QELE generator can be 

p5 are  noted, Etnd the  value of log i s  Calcu- 

lated.  The outer-compressor and outer-turbine  matching maps (figs.   6(a) 
and (b)) are  superposed so as t o  satisfy equations (10) and (EL). The 
ordinates of figures 6(a> and (b) are offset  by the value of the  acces- 
sory m e r  term i n  equation (lo), and the  abscissas are offset  by the 

i s  assigned on figure  6(c).  The 

5 
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calculated  value of the  tern. log . The  operat- 

ing  points  of  the  outer cmpreesor  and  the  outer  turbine  corresponding 
to  the  assigned  inner-spool  operating  point are at  the  intersection of 
the  appropriate  lines  of  constant w2 e/tj2 and w5 fi/tj5. In  using 
this  procedure,  it has been f m d  convenient  to  assign  several d u e s  of 
w5 &/Ss for each  selected  value of w2 6 / 6 2  in figure 6( c) . 
Choosing  pairs of values for w2 && and w5 &/E5 in this way 
dictates  the  values  of  these  parameters  to be used  in  plotting  lines of 
constest  equivalent  weight  flow  in  figures 6(a) and (b). Use of this 
direct  method of matching  outer  and  inner spools or of the  iterative 
method,  which  is  described  in  the B o l l a r l n g  paragraphs, fs a matter of 
personal  preference. 

Iterative  method  of  matching  outer  and  innner.spoole. - An alterna- 
tive  procaaure  for  matching  the  outer-spool  components  with  the  inner 
spoolm8y be  employed by assignbg the outer-compressor  operating  point 
rather than that  of  the  inner spool. For t h i s  procedure,  the  matching 
maps of figure 7 are used.  The  outer-compressor  performance  is  plotted 
as (Hz - Hl)/Ns against w2 G/tjZ with N d f i  as .a parameter  (fig. 
7(a) ) ; the  performance of the  outer  turbine  is  plotted  as (Hg - Hg)/Ng 
against w5NJtjs with No/ fi as  parameter (fig. 7(b) ) ; and  inner- 
spool perfomce is  plotted  as w2~&/62 against w5 @& for can- 

stant  values of Xi/& and Ts/T2 (fig.  7(c)). 

The inner- and  outer-spool cmponents may be matched by employing 
an iterative  procedure  in  conjunction  with  the  matching maps of fig- 
ure 7: 

(I) ~n operating  point  is  assigned on the  outer-compressor map 
(fig. 7(a)) fm w h i c h  values of w2 * [ E 2 ,  Ffdfi, and (Hz - %)/NE 

are  read. 

(2) The  value of (H5 - Hs)/Ng is calculated frm equation (10). 

(3) The value of T 2 / T l  is  calculated  from 

. 

. .. 
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Because  assigning  the  outer-compressor  operating  point  determines 
the  operating  points of all the  other  cmponents, assuming a value  of 

I N~/,& is an overspecification and W ~ U  lead  to a contraaction  if an 
incorrect  value  is  assumed. 

(7) A m u e  of T~/TZ, ~ c h  depenb on the  inner-spool  performance, 
is  read  from  figure 7(c) for the values of' ~2-162 and w5-/65. 

(8) A second  value of T5/T2, Mch depends on the  relation  between 
the  outer  compressor and outer  turbine,  is  calculated  from 

. 

If this does  not  equal  the  value  from  step (7), steps (4) t o  {8) are  re- 
peated  until  agreement  is  reached. In using this  procedure,  it has been 
found  convenient  to  assign  outer-coqpressor  operating  points dong lines 
of  constant  outer-spool  speed and to first  calculate  the  match  oints 
for  the  higher  values  of  wz q&/62. As lower  values  of  w2  axe 
assigned  at a fhed speed N J ~ ,  higher d u e s  of w5 */s~ will 

result  until  the  critical  value  is  reached. Frm this  point on, a l l  
lower  selected  values  of w2 */s2 will be  accmpanied  by  the  critical 
value of w5 1/83/65. 

Variable  pressure  losses in primary  caadbustor. - The matching pro- 
cedure  for  the  two-spool gas generator may also be applied  for  the  case 
of either a one-spool  generator  or  the inner spool of a two-spool  gen- 
erator  when  large,  variable  pressure  losses  occur in the  primary  burner. 
For  these  conditions,  curves analogous to  figure 6 (  c) would represent 
the  combustor  characteristics. .i 
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Wponent parameters. - For each match point of a two-spool gas. 
generator,  the  pressure  and  temperature  ratios  across  the  components 
m y  be  calculated  or  read  from  appropriate  component mags. If the  it- 
erative  procedure is used for matching  the  inner spool with the  outer 
components,  the  following  values are known f o r  each  match  point: 

1 

The outer-ccrmpressor  pressure  ratio may be  read frm a plot of 
P2/P1  against WZ..~&/S~ with No/& as parameter.  Inner-campressor 
equivalent  speed N i l e  may be  read frm figure 7(c). The  values of ? 
P3/P2, T&zl T*/Tz, and  P5/P2 may be  read frm plots  of these  vari- 
abies against  w5 with Ni f 6 as a parameter.  The  outer- 
turbine  pressure r a t i o  IUBY be  read  from a plot of P!5/P6 againat 
(H5 - 116) /Ng with No/ 6 as a parameter.  Outer-  turbine  temperature 
ratio may be  calculated  from 

" 

The equivalent  fuel-air  ratio f/@l at  each  match  point may be  found 
by  using  the  values  of T4/T1 and T3/T1, an assumed  fuel, a cambustor 
efficiency,  and  combustion c h a r t s  such as  those  presented in refer- 
ence 14. 

The  performance of the  two-spool gas generator may be  presented as 
plots Of T*b1J pg/pl$ T6iT1> ffel> wJ- f i / S 1  %ainst w6 6 / 8 6  
with N o / q  a0 a parameter  and a plot of N i / q  agafnst T4/Tl 

with N d f i  as a parameter  (fig. 8). 

Compressor  operation  from  gas-generator  perfonnance. - The  outer- 
and inner-compressor  operating points at an assigned  flight  condition 
may be  found  from the gas-generator  performance if engine operation  is 
specified by assigning  values  of  outer-  or  inner-spool  mechanical  speed 
and inner-turbine-Met temperature. Frm the  assigned  flight  condition 
are  found  values  of 81 and TI. From the  assigned  engine  operation, 
values  of No/& or  Nil&  and T&.1 are calculated. If 
No/ 6 and T4/T1 m e  kllOWn, a VdUe Of W6 is  read  from 
figure 8( a) . If Ni/ 6 and T4/Tl are knm, a value of No/ 
is  read  from  figure 8( d) ; and then, using  the  values of N O / R  and 
T*/?C~, a value  of w6 fi/66 is  read f ~ c r m  figure 8(a) . values of 
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P2/Pl, wl fl/61, P3/P2, and w2@& are  read  from  plots  of  these 
variables  against  w6 @& with w0/ 6 as a parameter . nus, for 
each  flight  condition,  the  outer-  and  inner-compressor  operating  points 
may be  found. In reference 20, two-spool matching methods  are  used to 
investigate  the  effect of design  over-all  compressor  pressure  ratio di- 
vision on two-spool  turboJet-engine  performance  and  geometry. 

* 

c 

Matching Gas Generator with Other  Ektgine  Components 

To determine  compressor  operation when exhaust-nozzle  area  and 
mechanical  speed  are  assigned,  the  gas  generator  must  be  matched  with 
the  other  engine  components.  For  either  the one- or  the  two-spool  gas 
generator,  the  following  gas-turbine  engine  configurations  are  possible: 

(1) Simple  turbo  jet,  where gas generator  is  preceded  by  inlet dif - 
fuser  and  followed by tailpipe  and  exhaust  nozzle  (fig. l(a)) 

(2) Afterburning  turbojet,  where  afterburner  replaces  tailpipe of 
simple  turbojet  (fig. l (b ) )  

(3) Turboprop  with  coupled  parer  turbine,  where  propeller  is  geared 
to gas-generator  shaft  (fig.  l(c) 1 

(4) Turboprop  with  free-wheeling  power  turbine,  where  propeller  is 
geared  to  shaft of free-wheeling  power  turbine  (fig. l(d)) 

Methods  for  matching  the gas generator-with  the  other  engine com- 
ponents  for each of these  engine  configurations  are  discussed. By using 
these  methods,  compressor  operation can be  determined  for  various  flight 
conditions  when  engine  operation  is  specified  by  assigning  values of 
exhaust-nozzle  area  and  mechanical  speed. 

SFmple  turbo3et. - The  gas  generator  of a shple turbojet may be 
matched  with  the  other  components by using  three  plots, one-each for  the 
inlet  and  the  gas  generator  and a combined  map  for  the  tailpipe  and  ex- 
haust nozzle. The  performance of a fixed-gemetry diffuser  inlet is 
shown in figure 9(a), where  pressure  ratio P1/po is plotted  against 
equivalent  weight f l o w  wl && with  free-stream b k c h  number % as 
parameter.  Gas-generator  performance  is  plotted  as  log (P6/Pl) against 
ws4/6, with NO/- as  parasleter  (fig.  9(b)). The  caibined  map 
for  the  tailpipe  and  exhaust  nozzle  is shown in  figure 9(c), where 
log  (p6/p0)  is  plotted  against  w64&/66  for a fixed  exhaust-nozzle 
area. 

.. 
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mom figure  g(a),  trial values of p1/p0 
f o r  the  assigned  f l ight h b c h  number. Figures 
posed: the  ordinates  are  offset by the  value 
abscissas  are  superposed  directly. The value 
from the overlaid maps at  the  intersection of 
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and w l f l / 8 1  are  read 

9(b)  and  (c)  are  super- 
of log (P,/p,) , while  the 
of @J8, i s  read 
the  fixed-exhaust-nozzle- 
l ine .  (The value of area  curve  and  the  appropriate  constant-speed 

No/* may be  calculated from the  assigned  values of %, al t i tude,  
and N~.) A gas-generatm p l o t  of wl&/81 against w6 6 / 6 6  with 
N J ~  as a parameter  yields a value of wl f l / ~ ~ .  If this value of 
w l f i / € i l  is not  equal t o   t h e  trial value, the  process i s  repeated. 
When the  two values of wl G / E 1  agree,  the  gas  generator i s  matched 
with  the  other e a n e  catnponents f o r  the  assigned flight condition and 
mode of engine  operation. The outer- and inner-compressor  operating 
points may now be found by reading  values of PZ/Pl, P3/P2, and 
a 6 / 6 2  from plo t s  of these  variables against w6 6 1 8 ,  w i t h  
NJ& as a parameter. 

Afterburning turbojet. - The procedures for the  afterburning  turbo- 
je t   a re   the  mme as f o r  the sbnple  turbojet. The  combined map f o r  the 
ta i lp ipe  and exhaust nozzle is replaced by the combined map f o r  the 
afterburner and  exhaust  nozzle. 

< 

'Purboprop with  coupled power turbine. - when the  propeller is geared 
to   t he  compressor shaf t  of a one-spool  gas  generator  or to  the  outer- 
spool shaft of a two-spool  engine, the  propeller power must be added t o  
the  accessory power i n  equation ( 2 )  o r  (10) before the gas-generator 
performance i s  obtained. For each  value of propeller power, a d is t inc t  
set of gas-generator  performance  curves will be  obtained.  Cmgressor 
operation can be found by assigning  values of flight Mach number, alti- 
tude,  mechanical  speed,  exhaust-nozzle  area, and propeller power. The 
procedures f o r  matching and for obtaining the campressor operating 
points  are the s&me as those f o r  a simple turboJet. One-spool turboprop 
problems are discussed i n  references 2 1 t o  23. 

Turboprop with  free-wheeling p m r  turbine. - For a turboprop  with 
a free-wheeling power turbine, 8 procedure i s  discussed  for  findfng  the 
compressor operating  points when the following are  assigned: flight 
Mch nuniber and altitude,  propeller power 93, shaft speed of  power tur- 
bine Itm, and exhaust-nozzle area. The discussion i s  fo r  a turboprop 
having a two-spool  gas  generator;  the  procedure i s  essentially  the same 
f o r  a turboprop hEbvlng a one-spool gas generator. 

(1) Values of Tl, el, and po are found for  the  assigned % 
and a l t i tude .  
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P 

(2)  A t r ia l  point i s  assigned i n  figure 9{a) for  the  assigned Mo, 
and values of P1/po and w 1 6 / E l  are read at tbis point. 

(3) A w u e  of w6 e f 6 6  i s  assumed. o v e r '  much of i t s  operating 
range, the power turbine  operates a t  a fixed a u e  of w6 6 / 8 6 .  

(4) A value of No/& i s  read from figure 8(f) for  the  values 

Of </'6 and wl q/'l' 

(5) Values of P6/P1 and Tg/T1 are  read from figures 8( c) and 
(e) for   the   vdues  of w6 6 / 6 6  and N,/&. 

(6) The power-turbine  equivalent  speed NpT/& i s  calculated 
from 

(7) The power-turbine  equivalent  specific work i s  calculated f'rm 

"6 6 
' 6  

P 
- w6N€" 

' 6  

this does not e q u  tbe assumed m u e  of W G f i / 8 6  (step (3) ) , steps 
(3) t o  (9) are repeated until the two values do agree. 
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(13) A value of (w @/E) 6a is calculated from 

- 'Sa 
'6 

(14) A value of ( ~ @ / 8 ) ~  is read from figure 10(b) for  the  cal- 
culated  value  of P&p0 (step (12) ) . If this  does  not e q W  the  value - 

frm step (13) , steps (2) to (14) are repeated  until  agreement is 
reached. 

t 

(15) The compressor  gperating  points  can be found by reading  values 9 

of' P2/Pl, P3/P2, and w 2 f i  frm gas-generator  plots of these vari- 
ables  against w6 Gff56 for  constant  values of No/*. 

Turbojet-  and  turboprop-engine  performance. - After  the gas gen- 
erator has been  matched wlth the  other  turbojet-engine  canponents,  the 
air flow, the  pressure,  and  the  temperature at the-exharmt  nozzle ~ are . 
known. The  jet  thrust Fj can  be  found frm the foJlowing equations 
(ref. 24), Wch relate Fj/U to P&po: 

3 W = K2& (1 f f) 

For a complete-expansion  nozzle, 
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and f o r  the convergent  nozzle a t  supercritical  pressures, 

Y 

K2 =d- 1s + Y 

(23 1 
A graph relat ing K2 to  the  nozzle  pressure  ratio i s  given in   f i gu re  l l  
of reference 24. R e t  thrust i s  found by deducting  the momentum of the 
inlet air frm the jet  thrust .  

, Fuel flow can be computed by mult iplying  afr  flow by  fuel-air ratio. 
"he fuel econmy  expressed as thrust   specific  f 'uel  consrmrption i s  s h p l y  
the r a t i o  of , fuel  flow to thrust. 

! 

. After the  gas  genemtor has been  matched  with the other turboprop- 
engine camponents, the shaft parer, j e t  thrust, and specific f ie1 con- 
sumption  can  be calculated from the equations derived in  appendix D of 
reference 4. 

S W m B  M.ETmDS FOR EQUIURRIUM OPERATION 

In this section,  simplified methods are presented  for  obtaining the 
performance of one- and tm-spool  gas  generators. The simplification 
consists in  making several  assupptions  regarding  turbine performance. 
The equivalent  weight flow a t  the  turbine inlet is assumed constant  for 
all operating  conditions. This implies that the  turbine  nozzles are 
choked. Most one-stage  turbines  operate at nearly constant  equivalent 
weight f low f o r  a l l  turbine  pressure  ratios greater than 2.0, wbile many 
multistage  turbines  operate a t  nearly constant  equivalent weight flow 
f o r  all turbine  pressure ratios greater than 2.5. oaly during starting 
conditions are turbines normally required t o  operate a t  pressure  ratios 
less than 2.0 or  2.5. The accessory power is assumed t o  be zero. Nor- 
mally it i s  so smaU that negligible error  -is introduced by considering 
it to be  zero. The turbine  efficiency i s  assumed to vary according t o  
the following equatian: 

where 

a design  value of turbine  efficiency 

b -a/c2 
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c design  value of e%)* 
T h i s  approximation i s  quite good over mch of the  turbine  per- 

formance map. Near limiting loading, however, actual  turbine  efficien- 
c ies   are  much lower  than  those  calculated from equation (24). Once the 
gas-generator gerf'ormance is obtained,  the  matching with the  other en- 
gine components is achieved as  described  in  the  preceding  section. c -  

rn 
u 

One-Spool Gas Generator 

Design point. - l!km a given  compressor  peflormance map, the cam- .. 

pressor  operating  point  fQr-.the  engine  design  conditions i s  selected. 
The design  value of turbine  efficiency i s  specified as well as the de- 
sign value of turbine. t o  compressor temperature r a t i o  T4/Tl. Design 
values of - w4 a / S 4  and N/ r,/n are  calculated frm 

. .  - 

- 
& 

4 1  - Bg)(l + f) 
N " -=4- 

Constant  values of B3, f, and P4/P3 are usually adeqyate. The 
w4 value from equation (25) i s  assumed t o  be constant f o r  all 
operating  conditions. The N/ f/w value from equation  (26) i s  
equal to the constant c in equ t ion  (24).  

Off-design  points. - For each  carnpressor operating  point,  the  cor- 
responding  turbine  operating  point may be found by the  following steps: 

(1) A value of T4/T1 i s  calculated from equation  (25). 

(2)  The turbine  tempemture  ratio is calculated fram 



e 

(4) A WLlUe of Tad,T is  calculated  from  equation (24). 

(5) The turbine  pressure  ratio is calculated  from 

The  gas-generator 
lated  from 

c 

parameters w6 </56, P6/Pl, and T6[Tl are calcu- 

- Two-Spool Gas  Generator 

The outer- and inner-campressor  performance maps axe given, and t h e  
compressor  operating  points f o r  the  engine  design  conditions are selected.. 

.L 



334 NACA RM E56I303b 

The design  value of turbine to  compressor  temperature  ratio T,&j is 
specified  as  well  as the design values of outer- and inner-turbine 
efficiency. .I 

Inner-spool mat-. - The  performance of the inner spool is ob- - 

tained  as  described  previouslyi  engine  stations 1, 3, 4, and 6 for  the 
one-spool  gas  generator are replaced by stations 2, 3, 4, and 5 for t h e  
fnner s 001 of the  two-spool  gas  generator.  The  design W u e  of 
w5 6 A 5  is  read from the  inner-spool  performance  plot  for  the  deaign * 

3 value of P3/P2 and  Ni/ fi. Tbis  vdue of w5 f i / 8 5  is assumed to Ih 

-t;o be constant  for d l  operating  conditions. 

cl 

Because  the  inner-spool-outlet  equivalent  weight flow w5 fldS, 
is assumed constant, inner-spool performance may be  sresented  as  slots 

the  design  value  of w5 e&. of w2 6 / 8 2 ,  p3&, P5PZ.l T5&' and T*& a@;ainst  Nif 6 for 

Outer-spool  mat . - The outer-spool cmponents are matched with 
the inner-spool p e r f z c e  by first  assigning  values of q &/SI at 
each  speed No/1/871. At each point, the  outer-cmpressor  performance  is 
known. The  equivalent  weight flow w2 fi f62, which  is  common to the 
outer  compressor asd imer spool, ie  calculated frm 

From the  inner-spool  performance  curves,  values  of  Ni/ 6 and T~/!I!z 
are read. . .. . . . - 

The  outer-turbine  temperature  ratio  Tg/T5  is  calculated frm 

where w5 = wl(l - Bz) (1 - B3) (1 + f 1 Frm . .  . t he  . .  design value of oT 

and the  design  value of No/@-, which is calculated frm 
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NO - 2/(1 - B2) (1 - Bg) (1 + f )  

the  constants of equation  (24)  can  be  evaluated  for  use with the  outer 
turblne . Outer-turbine  efficiency may be  calculated fram equation  (24) 
8fter N O / d n  is  calculated  from  equation (34). Outer-turbine 
pressure  ratio  is  calculated  from 

From the cmponent operating  points,  the  two-spool  gas-generator  per- 
formance may be calculated  and  plotted  as in figure 8. . 

If the.  assumption  that  outer-turbine-inlet  equivalent  weight f l o w  is 
constant  for  all  engine  operation does-not appear  to be valid, an approxi- 
mation such as  that  described in EQUIrsaRIUM OPERATING LINE OF OmE-SpoOL 

turbine-inlet flow with  turbine  total-pressure  ratio  is  selected.  The 
value  of  equivalent  weight f low at  the  outer-turbine  inlet  that  is  used 
in  the  matching  procedures  must  agree  with  the  value  read frm the  se- 
lected  curve  and  the  calculated  turbine  pressure  ratio. If’ this  approx- 
imation  is  used  for  the  outer  turbine,  then  the  inner-spool  performance 
must  be  presented  as  plots of w2 6/62, P@2, P5/P2, T5/T2,  and T4h2 
against  Hi/  for  constant  VEtlues of w5 &/~s. 

L TURBOJET may be  used.  One of the  curves  representing  the  variation of 

EQUIT.TRRTTTM OPERATING LENE OF ONE-SPOOL TURBWE2 

A method  is given in reference 5 for  locating a constant-exkaust- 
nozzle-area  equilibrium  operating  line on the  performance  m~tp of a com- 
pressor that is part of a one-spool  turbojet engine operated  at  static 
sea-level  conditions. In t h i s  method  the  performance  characteristics 
of the  conibustor,  turbine,  and  exhaust  nozzle  are  simplified in order  to 

for  specified  design  conditions  and  the  compressor  map. 
I obtain  charts  from  which an equilibrium  operating Use can be  obtained 

.. .. 
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The charts of reference 5 are shown in figures ILL t o  14. In f ig-  
ure LL, turbine  pressure  ratio P4/Pg i s  plot ted against 
(p3/p1) (p4/p3) (Pl/PO) (Po/Pg) with p8/P8  and (&/A41 (*/w) 4 (w4/w8) 
parameters. Th i s  represents  the combined performance of the  turbine, 
ta i lpipe,  and simple convergent  exhaust  nozzle.  For t h i s  chart a tur- 
bine  polytropic  efficiency of 0.85 was assumed, and the  total-pressure 4 
drop i n  the ta i lp ipe  w a s  assumed to vary according t o  e. 

Q\ 
L. 

( 3 6 )  

The value of K was set by assigning P6/P8 = 1.05 for sonic  velocity 
at the exhaust-nozzle exit. A constant  value of 413 was assigned  to 
r4 and Y8*  

In f igure 12, which re lates   the compressor with the rest of the en- 
gine, (I - B3)(1 +- f)(T4/Tl)qad,Cvad,T i s  plotted  against   coqressor 

parameters. The bearing  losses and accessory power are assumed t o  be neg- 
l ig ib le .  The pressure r a t i o  Pl/po was taken equal t o  unity, and t h e  

conibustor pressure r a t i o  P4/P3 was taken  equal t o  0.97. 

pressure r a t i o  P3/Pl With (AdA4) (W*/W)*(W4/W8), Pg/Pg, and P4/Ps 86 

I n  order t o   e s t a b l i s h  the compressor equilibrium  operating Une at 
pressure  ratios less than design, it is necessary to estimate the  &a- 
t ion  tn (w/w )4 with turbine  pressure  ratio PQ/P~. ~f act- turbine 
data are available, a good approxFmation t o  the variation i n  (w/w*)~ 
with turbine  pressure  ratio P4b6 can  be obtained by ccsnputing the  
value of (w/w* 14 for each value of P4/P6 at the best efficiency  point. 
If' turbine data are  not  available, a reasonably good approximation can 
be o b w n e d  from the  curves of figure 14. The multistage curve  repre- 
sents the equatian 
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P 
tp 
W 9  

The  two'single-stage  curves  are  theoretical variatims CcErQted  for  two 
values of the  turbine  parameter 7 T/sin2P4 of 1.5 and 2.0. Operat- 
ing  lines f o r  two- or three-stage  turbines  would be between  those for the 
single-stage  turbine  and  that for  the  multistage  turbine. 

T 

Use of Charts f o r  Design  Point 

The f oUowFng procedure may be  used  to  find  the  design  values of' 
&/A4 and & once  the  design  conditions  are  specified: 

(2) Compressor  efficiency q is  read  from  the  compressor  map. 

(3) The  design  value of T = (1 - B3) (1 + f ) (TdTl) T&, c q d ,  is 

ad, c - 
calculated. 

(4) The  design  value of A = &/A4 (w */W)~(W~/W~) is  read f ran fig- 
ure 12 for  the known values of r and PdP1. 

(5) The  design value of w = 2/(1 - Bg)(l + f)/qd,CqELa,T (wg/w4) 
- 

(A1/A8) (Wl f l J 6 1 A l )  is read f r o m  figure 13 for  the  values of x 
ana 

(6) A value of ? is  calculated  assuming poip8 = 1.0. 
ki') If the  point  read  from  figure ll f o r  the known values of A 

- 
and P lies to the  left of the line Pg/P8 = 1.85, a value of P ~ / P ~  
is  read at t h i s  point. 

If the  point  read frcm figure ll f o r  the knam values of A and 
- - 

P lies  to  the  right  or on the *e Pg/pg = 1.85, a w u e  of p4/p6 is 
read  for  the  design  value of A dong  the  =ne  Pg/g8 3: 1.85. 

- 

(8) The  design  value of (w/w* 1 is read f ran the  proper  curve in 
figure 14 for  the  design  value of P4/Pg. 
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Use of C h a r t s  f o r  Off-Design Points 

The following  procedure may be  used to locate  equilibrium  operating 
points on the compressor map fo r  operation w i t h  the  design  values of A 8  u 
and &/AB at compressor pressure  ratios  higher  or lower thEtn design: "? 

n, 
% 

(1) A value of P3/p1 i s  selected. - 

(2)  A trial value of A i s  chosen.  Although the  values of Ag/4 - 
and w4/w8 are known, the  value of (w/w*)* is not known. 

(4) If the  point  read from figure 11 f o r  the values of x and 
lies t o   t h e   l e f t  of the -e P8/p8 = 1.85, a a u e  of  p4/p6 i s  read 

a t  this point. 

If the  point read frm figure ll f o r  the  values of x and l i e s  
t o  the right o r  on the =ne P8/pg = 1.85, a value of P4/P6 i s  read 
for  the  value ~f X d o n g  the   l ine  P8/p8 = 1.85. 

(6)  A value of x i s  calculated from the  values of A8/Aq, w4/wB, 
and (w/w* j4 .  If the  calculated x does not  equal  the trial value of 
A frm step (2), steps (2) t o  (6)  are  repeated  unti l  agreement i s  
reached. 

. .. 

(7 )  The weight-flow  parameter w is read fm figure 13 f o r  the 
- 

known values of P3/P1 and A. 

(8) A value of qad,C i s  estimated from the compressor map f o r  -. 

the  known value of P3/P1. 
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(10) A value of Tad, i s  read from the  compressor map f o r  the 
values of P3/P1 and W~T~F~~. If this does not  equal  the  estimated 

I 
value Of q&,C from step (8), steps (8) t o  (10) me   r epea ted   un t i l  
agreement i s  reached. 

canpressor map from the values of P d P l  (step (1) ), and wl&/f31 
(ll) The desired equilibrium operating  point can  be  located on the 

(step (9) 1 

Two problems a r e   t r e a t e d   i n  this section. A method is  discussed 
whereby the  cmpressor and turbine of a one-spool turbojet  engine may be 
matched f o r  a specified flight condition, a specified  transient  path on 
the compressor map, and a fixed  exhaust-nozzle  area  (ref. 11). For a 
two-spool turbojet  engine, procedures are discussed  for   f indhg  the com- 
pressor  paths  during a transient f o r  which the m u s t - n o z z l e  area and 
inner-turbine-inlet  temperature are held  constant (ref. 12) .  

One-Spool Turbo jet  

Up u n t i l  now, cmpressor  operation has been  found fo r  a specified 
flight  condition and mode of engine operation.  For a given flight con- 

ing two quantit ies such as mechanical  speed  and  turbine-inlet  tempera- 
ture o r  mechanical  speed  and  exhaust-nozzle area. Now, cmpressor 
operation i s  scheduled. During a transient,  the power-balance relat ion 
no longer is  valid, so that three quantit ies must be  assigned.  For a 
given flight condition, the desired  transient  path on the compressor map 
is  specified by assigning  values  for  mechanical  speed and cmpressor 
pressure  ratio.  The exhaust-nozzle area is  assi-ed t o  be  constant dur- 
ing the transient;  this accounts  for the third  quantity. 

. dition,  the compressor equilibrium  operating  point was fixed by assigu- 

A t  each  speed, the  excess  torque is calculated after the  turbine 
operating  point has been found f o r  the assigned compressor operating 
point. For known values of moment  of i n e r t i a  and  excess  torque at . e a c h  
speed, the time required  to   accelerate  (or decelerate) along the  speci- 
f i e d  path may be  calculated. Such calculations  indicate whether the 
specified path on the  canpressor map is acceptable uith respect   to  
transient  operation. If, f o r  a given engine  configuration,  the tFme t o  
accelerate i s  found to  be  excessive,  various schemes may be t r i e d  t o  im- 

volve  changes i n  component performance or  a rematching between the cm- 
pressor and turbine,  or  both. The effect  of these changes on the engine 
accelerating  characterist ics may be calculated by  rematching the ccm- 
pressor and turbine. 

- prove the  enme  accelerat ing  character is t ics .  These schemes will in- 

I 
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Compressor  operation. - The  steady-state  compressor  and  turbine 
maps  are  assumed  to  be  valid  during  transient  operation.  The  aerody- 
namic  adjustments  are  assumed  to  occur much faster  than  the  mechanical 
adjustments. An acceleration  is  considered  such  that  the  compressor 
operates along the  path  abcd  shown in figure 15. At a given  speed 
N/ 6, the  compressor  operating  point is known, so that  the  value of 
w4N/64 may be  calculated frm 

where  the  fuel-air  ratio  and  combustor  pressure  ratio  are usually 
assumed  constant. 

Turbine  operation. - At  this  point in the  procedure,  one  turbine 
parameter  is known. The  second  turbine  parameter  required to define 
turbine  operation is found i n  an  indirect  manner.  At  the known value 
of W ~ N / ~ ~ ,  several  values  of  turbine  pressure rdio P4/P6 are  se- 
lected from the  turbine  performance  map  (fig. 16) e For each P4/P6 
selection,  values  of N/ fi ' and (H4 - %)/e4 are  read.  The follow- 
ing  calculations  are  made: 

H4 - H6 

T6 -94 - = 1 -  
T4 C ~ , T  518.7 

(39 1 

The  nozzle  equivalent  weight f l o w  is  calculated from 

. 

'6 
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The values of T&T6 and P8/P6 depend on the performance characteris- 
t i c s  of the   t a i lp ipe  and exhaust  nozzle. A simplification t h a t  is 

v sat isfactory  for  many appucations results frcm taking T ~ / T ~  = 1 and 

P8/P6 = 0.95. 

The e u s t - n o z z l e  pressure r a t i o  i s  calculated from 

p1 p3 p4 '6 ' 8  

'0 '0 '0 '1 '3 '4 '6 
-=""" (43) 

The value of Po/po i s  known from the  specified fllght mch nmber. 
w e t  performace yields a Value of P1/Po.  or d l  values of p8/p0 

less than or  equal. to the cr i t ica l   va lue  

and the  effective area of the convergent exhaust nozzle 4 is  found 
as follows: 

I 

(1) % i s  found from 

(3) Exhaust-nozzle 

- = ( l + +  P P - M2)r-1 

found from 

area i s  calculated fram 

than   c r i t i ca l ,   t he   c r i t i ca l  value of wf@/6A 
i s  used in step (3). Nozzle area is plotted  against  turbine  pressure 
ra t io ,  and the  d u e  of P4/P6 f o r  the assigned Ag i s  read. Thus, 

point along the  assigned  acceleratio-n  path. 
- the  turbine  operating  point can  be  found f o r  each  cmpressor  operating 
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Time  to  accelerate. - At  each  point.alang  the  assigned  acceleration 
path,  the  excess  torque  available  for  acceleration may be  calculated fram 

" 

The  actual  values of weight  flow  and  speed are- obtained from the  equiva- 
lent  values  and  the  values of' 61 and 81, which  are known for  the -9 
assigned  flight  condition  and  inlet  performance. t? u 

The  time  to  accelerate along 
f ram . . . . . ". . . . - . ". . 

q 
the  path b to c (fig. 25)  is found 

~ . ". .~ 

where  the  moment of inertia I is a physical  constant of the  engine. 
The  acceleration  of a high-pressure-ratio  one-spool  turbojet  engine  as 
determined from component  performance  characteristics is investigated 
in references ll, 25, and 26. 

. .  

I 

Two-Spool Turbo j et 

For a two-spool  turbojet  engine,  procedures  are  discussed  for  find- 
ing  the  compressor paths during a transient for which  the  exhaust-nozzle 
area  and  inner-turbine-inlet  temperature  are  held  constant.  The  compo- 
nent  performance maps for equilibrium operation  are  assumed to be  valid 
for  transient  operation. For equilibrium  operation  of a two-spool tur- 
bojet,  the  specification of two  quantities  fixes  its  operation. For 
transient  operation,  four  quantities  are  required,  as  the  power-balance 
condition fo r  each  spool  is no longer  valid. At  the  beginning  of a 
transient,  the  outer-  and  inner-spool  equivalent  speeds  are  assumed  to 
be  the  equilibrium  values.  These  values of speed,  together with the 
assigned  values of inner-turbine-inlet  temperature  and  exhaust-nozzle 
area,  fix  the  operation of each of the  components.  The  excess  torque 
acting on each  spool can then be calculated.  The  outer-  and  inner-spool 
speed  increments  occurring during a small time  interval  are  found from 
the  excess  torque and moment  of  inertia for each  spool.  The  new  values 
of outer-  and  inner-spool  speed,  together  with  the  constant  values of - -- " 

inner-turbine-inlet %emperahre and  exhaust-nozzle  area,  determine  the 
operation of each of ...th e components at the  new  time.  The  process  is  re- 
peated  until  the  desired  end  value of outer-spool  speed is attained. It - 
is a step-by-step  procedure,  then,  and  iterations  are  part  of  each  step. 

Thus, for a specified flight condition a d  assigned  values of 
inner-turbine-inlet  temperature  and  exhaust-nozzle area, the  transient 

. "" - - 
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paths on the compressor maps and the time  required t o  traverse these 
paths may be calculated. From such calculations one can estimate whether 
o r  not an acceptable compromise can be  reached between surge-free  opera- 
t ion and time to  accelerate for  a  given  two-spool  turbojet  engine. 

Compressor operation. - For a specified flight condi t ion,   inf t ia l  
values of N o / q ,  mi/ 6, Tq, and %, and the  specification that T4 
and ii8 are  maintained  constant during an acceleration, the following 
procedures may be  used t o  find.  the outer- and inner-canpressor  operating 
paths  and the time  required to accelerate t o  a higher engine  speed: 

(2)  A trial value of w2 6 / 6 2  i s  selected. 

(3) A value of T2/T1 i s  read from a plot  of T2/T1 against 
w2 &/82 f o r  constant  vdues of IT,/&. 

(4) A value of ' Ni/ 6 i s  calculated fram values of N i / 6  and 

T2/T1- 

(5) A value of P&2 i s  read. frm a p lo t  P3/P2 a g d n s t  
w2 &/62 f o r  constant  values of Ni f 6. 

(6) A value of T4 

T4 = T1 

i s  calculated from 

p3 p4 Fz l2 
(49 1 

The value of T1 is  found f r o m  the specified flight condition. The 
assungtion of constant  values  for B3, f ,  and P4/P3 is  usually ade- 
quate. . The value of w4 f i / B 4  i s  assumed t o  be the design W u e .  
(The va l id i ty  of this a s s ~ t i o n  may be checked when the  inner-turbine 
operating  point is  found. ) If the value of T4 calculated fram equa- 

* t ion  (49) does not  equal  the  assigned T4 value  (step (1) ), steps (2)  
t o  (6) are   repeated  unt i l  agreement i s  reached. 
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Turbine opqat ion.  - 
(7 )  A value of N i / G  i s  calculated from values of N i [ e  and 

T4/T1° 
. " - 

(8) A t r ia l  value of P4/P6 is selected. If the  proper  value 1 s  - 

chosen, the  value of exhaust-nozzle area  calculated  later in the pro- 
cedure will check with  the  specified  value of &. -.a 

b 
(9) A trial value of P4/P5 i s  selected. 9 

u 

(10) A value of T4/T5 is read frm a plot  of Tg/T5 against 
Ni/ fi f o r  constant  values of P~/PS. , 

(11) A value of No/ & is calculated from 

(12) A value of P5/Pg is calculated from 

(14) A value of w5N0/65 i s  read from a plo t  of w51V0/s5 against 
No/& for  constant  values of Pg/P6. If t h i s  does not  equal  the 
value of flow parameter calculated from eqk-tion (52) i n  step (13), 
steps (9) t o  (14) are  repeated  unti l  agreement i s  reached. 

(15) A value of ~ 6 / T g  is read from a plot  of T ~ / T ~  against 
N ~ /  6 for constant values of P~/PS.  
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. 
(16) A value of exhaust-nozzle  area i s  found from the values of 

nozzle  equivalent weight flow and nozzle  equivalent  specific weight flow 
as discussed  for  the one-spool turbojet. If the  calculated  value of 4 
does not  equal the specified  value,  steps (8) t o  (16) are  repeated until 
agreement i s  reached. when the selection of P4/P6 i s  found to be com- 
patible  with  the  specified  exhaust-nozzle area, the  operating  point of 
each of the two-spool  compnents i s  known at the initial time. 

Time t o  accelerate. - Bdan the component operating  points,  the ex- 
cess  torques a d l a b l e  f o r  accelerating the outer and inner spools can 
be calculated. The specified flight condition and inlet performance 
yield  values of el and 61 which can be used t o  convert  equivalent- 
speed  and  equivalent-weight-flow  values t o  actual  values. Outer- and 
inner-spool  excess  torque are calculated from 

Speed increments i n  No and N i  f o r  a specified  time  interval are 
defined by 

Because the  continuous  variations  of GS,, and Qxs,i with  time  are 
not &own, an  approximation is introduced.  Trial  increments i n  No and 
Ni are  defined by 

- Qxs, 0 - 2 K 1 0  AT (57) 

%,i 
mi = 2 K I i  AT 
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The t i m e  increment AT is  selected so  as t o  result i n  reasonable 
speed  increments. If AT is made too  large,  the  procedure becomes in-  
accurate a8 evidenced  by large  i r regular i t ies   in   the  points  that define d 

the  transient  paths on the  compressor maps. If AT is made too small, 
more points will be calculated  than  are  necessary  to  define  the  transient 
paths. In reference 12, time  increments of 0.1 and 0.2 second w e r e  used. 
A t  the  new t i m e  (the initial t i m e  plus  the time increment), trial values 
of No and Ni we   de f ined to   be   equa l   t o  the initial values of No 
and Ni plus  the  incremental  values  calculated from the   in i t ia l   va lues  a 
of €&s,o and Qxs,i and equations  (57) and (58).  For  these t r ia l  
values of No and Ni and the  specified  values of T4 and A8, the  
matehing procedures are repeated  to  yield component operating  points and 
excess-torque  values. The actual  increments i n  No .and Ni occurring 
during the  time interval  are approximated  by substi tuting i n  equations 
(57) and (58) average  values of and which are defined  to 
be the  arithmetic means of the  values  corresponding t o   t h e   i n i t i a l  and 
trial values of No and ITi. The actual  values of No and Ni at the  
new t i m e  are equal t o   t h e   i n i t i a l  values  plus  the  actual  speed  increments. 

Lo tn 
M 

The transient  paths on the  outer- and inner-compressor  performance * 
maps are found by repeating  the matching procedures u n t i l   t h e  end value 
of engine  speed is attained. The time  required t o  reach this speed i s  
found  by summing up the time increments  considered. In reference 12, 
the  component operating  trends cbrfng acceleration and deceleration of 
two hypothetical two-spool turbojet  engines are discussed. c 
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(a )  Simple turbojet. 

Afterburner 
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(b) Afterburning turbojet. 
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Gearbox 
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0 +I 1 6 U D  7 8 - - 
( c )  Turboprop with coupled power turbine. 

Power 
turbine 

0 1 6 6a 7 

(a) Turboprop wlth f'ree-wbeeling power turbine. 

Figure 1. - Gas-turbine  engines,. 
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Figure 2. - Schematic diagrams of gas generators. 
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Equivalent  weight flow, qfld61 

(a) Compressor performance map. 

Equivalent-weight-flow pexameter, w4N/S, 

(b ) Turbine  performance map. 

Ffgure 3. - Performance map6 . 
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(b) Turbine. 

Figure 4. - Matching maps for one-spool gas 
generator. 
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Turbine-outlet equivalent weight flow, v6@& 

Figure 5. - One-spool gas-generator performance. 
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(b ) Outer turbine. 

60 

Equiva len t  weight f l o w ,  w5*/S5 

(c) Inner spool. 

Figure 6. - Matching maps for direct method of matching 
outer and inner spools of two-spool gas generator. 
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Equivalent  weight flou, w22/8da2 
(a)  outer compressor. 

CD 
m 
CD 
M 

* 

Equivalent  weight flow, w 5 6 / $  

( c )  Inner spool. 

Figure 7 .  - Matching maps far Iterative method of 
matching outer and inner spools of two- pool 
gas generator. 
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c Total-temp . ratio, TJT1 

Figure 6. - Two-spool gas-generator  performaace. 
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Mach 
nunher, 

I 
VdWl 

(a) Fixed-geometry inlet. 

xsfi/% 
(b ) Gas generator. 

(c) Conibined  map f o r  ta i lpipe and 
exhaust nozzle. 

4 

Figure 9. - Matching maps for  simple 
turbojet. - 
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(a) Power-turbine performance. 

J 

Equivalent  weight  flow, ~ ~ ~ < d 6 ~ ~  
(b) CoIribined performance  of tailpipe and exhaust 
nozzle. 
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Figure 10. - Matching maps for turboprop with free- 
wheeling power turbine. 
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Figure 14. - Ef'fect of turbine  presmre  ra t io  on w e i g h t  flow 
(ref. 5). 
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Figure 15. - Equilibrium and acceleration paths on 
compressor m p .  

Total-pressure 
ra t io ,  P ~ / P ~  

Equivalent-weight-flow parameter, w4N/B4 

Figure 16. - Turbine  performance map. 
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